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1 
INTRC~DUCTION 
The oxidation of sugar.::: by bromine and chlorine ta s 
been stvdied in the past (1). Bromine has been used exten-
sively for determination of configuration of carbohydrates 
and for ~~ynthetic purposes (2). This oxidation i.e almost a 
clean cut attack at carbon one, the mechanism is not quite 
clear, bowever ( 3). 
Chlorine oxidation is a method widely used in the pulp 
:1.nd textile industries for the elip1{nation of colored sub-
stances. In this operation cellulose is al~o attacked, being 
degraded and oxidized jn part by aqueous chlorine solutionE. 
l\'ost of the stt~dies c:trri.e,i o1:t in co~mection with this 
process are en,pirical. 
The mechanism of reaction of chlorine water solutions 
with simple sugars is not well understood and little had 
been done before Lichtin and Saxe (4) and later Grillo (5) 
~nvestigate~ the problem. They selected D-glucose and its 
glucopyranosides to study the mechanism of the chlorine 
ox1dation. These re:tctions were studied kinetically. 
(1) j.Vv. Green, '\dvances in Carbohydrate Chern., 3, 129-1&4 
(1948). -
(2) J.W. Green ~_n, "The Carbohydrates~' (iv. Fi[ma!1 editor) 
:\cad • .i?ress Inc., :'LY., 1957, Pel• 299-3c0. 
(3) B. :terlrnutter-liayman and A. Persky, J. A.tn. Chem. Soc., 
82, 3809 (19oO). 
(4) T-J:""'-J. Lichtin :1nd M. Saxe, ibid, 77, 1875 (1955). 
(5) G.]. Grillo, Ph.D. Dissertation, =3oston Tniversity,l900. 
ii 
Chlorine oxidation of carbohydrate~ is not a ~imple 
reaction, like that with bromine, and complex reactions 
proceed Eimult :ln2ousl y. The oxidation of the sugars occurs 
at different point~ in the molecule (pp. v - x ) , rna!; ing 
more difficult the interpretation of the experimental 
rest' lt s. 
The ]Hesent 1vork is ::t continuation of two previou~ 
investi&:ati_ons of the oxidation of D-rlucose and methyl-
alpha and beta-D-{;h'Co)yranoside (1). The mect,:mist,; of 
oxidation of these segars with aqueous chlorine Wls studied 
at acidic •.l1d 3.ll:.:c11.ne ;:)11. The reaction ord<:>r and the effect 
of buffer and chlorine ccncentration were inve: tigated. The 
primary I :netic isotope effect was studied in order to deter-
mine whether the site of attack by chlorine in the rate 
determining ~tep is at C-1. 0-Glucose-1-d and methyl-al~ha 
and ~eta-D-glucopyranoside-1-d were ~elected as Eubstrates. 
Deuterjated fluco~e was pre0ared by reduction of Glcconic-
delta-lactone with sodium borodPuteride, this reductant was 
:)reparect from <::o<iium deuteride and methyl borate. The 
deuteriated methyl rlucosides were prepared from D-gluco~e-1-d 
by Fischer's methylation method. 
(1) Saxe, ?h.D. Dissertation, ~aston l'niversity, 195Ll. 
Grillo, Ph.D. Dissertation, Boston lniversity, 19GO. 
iii 
LITERATVRE 
I) Oxidation of sugars with chlorine water. Fe action 
pro<iucts*. 
Knowledge of the composition of chlorine water is im-
portant for the study of oxidation of sugar~. Chlorine 
water cont1-ins tllree different chlorine ::o,pecies, molecular 
chlorine, hypochlorous :=tcid, and hypochlorite ion, which 
exist in r:1pid and mobile equilibrium. Their r:1tio depends 
upon p}J and temperatvre. Another important factor that must 
be t1.ken into con~ideration is the decomposition of aqueous 
chlorine ~olutions. This i:-: also dependent on pL and tem-
perature, &iving compounds svch as chlorous acid, chloric 
acid, etc. The equilibrium of chlorine water solution~ as 
well -=ts :its decompoE-i tion i~ discussed in pp. 21-30 in 
~om 2 d e t ai 1. 
In thi~ part the sugar~ produced by oxidation Kith 
chlorine water are rt~~cvssed. 
A) Oxidation of n-flucose. 
Lla:~i,,·etz and Faberman (1) first ~tvdied the chlorine 
oxidation of D-gluco~e by allowing a dilute solution of 
* Projection forn!vlas of the sugars. are Ei ven in Appendix 
(p. 200 ) • 
(1) H. Hlasiwetz and J. Eaberman, Ber., 1, 4Su (1870). 
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sugar ~n aqueous chlorine to stand for 4 to 5 days. They 
isolated calcium Fluconate and some vnoxirlized sugar. 
Eonig and Tempus (1) carried out extensive work on 
the oxidation of D-glucose. They used ~ .1 ~ solution of 
glucose ~nd barium hydroxide in slight excess. The oxida-
tion was carried out in sunlight with different concentra-
tions of oxidant and for different periods. 1beir results 
are listed in Table J. 
Table 1 
Oxidation of D-glucose. VJork of l1onig and Tempus. 
Cone. oxidant Con~. i3a(OL) 2 Time .l:-'roduct~; 
equivalents equ1valents minutes 
1 1 
2 1.3 




3 3.5 540 D-ar a'cJnni c acid. 53 
4 2-keto [luconic, 
:::- accharic, tarta-
ric, acetic and 
formic ac-id~ .• 
The 2-keto gluconic acid was isolated as a phenylosa-
zone and as a calciun1 salt. honig znd Tempus ce:ncltcded that 
this was not the 5-keto acid because it gave carbon dioxide 
and arahinose on fermentation. 
(1) , .. fionig anc F. Tempvs, '3er., 57B, 7'87 (1924); 
18, 2872 (1924). 
,, /'1 
:... ..... • rL • ' 
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Ochi found tlnt when a ~~'ixture of .ns iO: t;luco:::-e a:1d 
.OS k hyoochlorite w~s kept at 15° durin~ 3 hr and the 
acid pro:'11yced was net,tral ized with calcium hydroxide, the 
products were gluconic acid in 50% yield and ~mall amounts 
of sacctaric and ox~ljc acids (1). 
Henderson (2) oxidized gluco~e at pH 4.5, m~intained 
,,\-i th a >iaOAc/AcOI-I buffer. The oxidation took from 12. to 
24 hr at 20 t 2° using 2.5 moles of active chlorine. he 
isolated 1% of D-arabinose, 50% of unreacted glucose and 
son•e 2-ke to f' lt'coni c acid. These experiments 1.vere perf armed 
in open flaEks, without exclusion of li[ht. 
i-V11:if~tler and Schweiger (3) founo a nev: method for tl'e 
preparation of D-arabinose from D-glucose with hypochlorite 
solvtions. They oxidized an aqueous solvtion of !;lvcose 
(1-4% hy weight) at 25° with three moles of hypoctlorite 
per mole of [luco~e at pH 11 maintained by addition of sodium 
hyr:!roxide. '\fter 20 llr, hypochlorite (1.4 moles) and hydro-
chloric acid were added to the mixture, changjng the pU to 
5. After 10 hr ~t 2~-25°, an overall 35% yield of D-arabinose 
wa~- obtained. When the reaction was ~topped after 20 hr in 
alkaline medium, they isolated 0-fluconic-delta-lactone in 
(1) s. Ochi, Proc. 11\orld Enf. Cong. To1yo, 1929, 31, 537 
(1931); C.!'.., 25, 51Ll7 (1931). 
(2) J.T. t-~ender:::on-,-J. Am. Chem. Soc., 79, 5304 (1957). 
(3) r).L. '.-~ltistler and R. SchirJeiger, ibirl, 81, 5190 (1959). 
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80% yield. The oxidation of D-glucose at ph 7 )reduced 
D-arab:i.nose and other ~vbstances. \!Vhistler and tagi (1) 
have applied the same methods for the prepar:1tion of D-arabi-
nose and D-lyxose from D-mannonic and D-Ealactonic acid 
respectively. 
Evidently, the first oxidation product of D-glucose 
with chlorine water is gluconic acid, which i:s oxidized 
furthPr to 2-keto-D-gluconic or j-keto-D-&luconic acid, 
D-arabino~~, saccharic and oxalic acids. 
B) Gxidation of D-gluconic ncid • 
.Shilov and Yasnil<ov (2) found that a neutral solution 
of D-[luconic-delta-lactone was oxidizert wi.th chlorine water 
to 2-keto-D-gluconic acid. rienderson (3) isolated an 80% 
yield of 2-keto-D-gluconic acid and traces of D-arabinose 
when a solution of D-gluconic acid 1va.s oxidized (at 20 C 2° 
for 12-24 hr) with chlorine water buffered at pri 4.5 with 
NaOAc/AcOH. 
Dyfverman et. al. (4) oxidized D-rluconic acirl (5~ 
solution) by passing chlorine gas at room temp2rature for 
1~ day~ and isolated 5-keto-D-gluconic acid and it~ lactone, 
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(1) R.L. Whistler and K. Yagi, J. Org. Chern., 20, 1050 (19ol). 
(2) n A ~1 "1 d II '"! • k 1" • ;-• • Zl (K • ) e. ••. ~1 1. ov an ,-~. 1asn1·ov, _;·.ra:tn. ""'n1m. '"'lt~r. _ 1ev , 
18, ell (1952); C.A., 49, 1574 (1955). 
(3) J.T. I-Jenderson, J. Am.Chem. Soc., 79, 530il (1957). 
(4) .1\. Dyfverman, B. Lindberg and D. V\Jood, Acta Chern. Scanc1., 
1, 253 (1951). 
D-gluconic acid and its lactone, and a small amount of an 
unidentified product. 
C) Clxidation of 2-keto-D-gluconic and 5-keto-D-
gluconic acids. 
Oxidation of 2-keto-D-gluconic acid with chlorine 
water bvffered at ph 4.5 with NaOA.c/AcOH (at 20 ~ 2° for 
2 days) was reported (1) to give 80% of unreacted material 
and a product tentatively identified as 2,5-diketo-D-gluco-
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nic acid. The ox-idation of the 2-keto acid at pH 7 proceeded 
very slowly (2). 
The oxidation of 5-keto-D-gluconic acid with chlorine 
water at pH 4.5 and 20 ~ 2° for 2 days gave a product that 
was tentatively identified as 2,5-diketo-D-gluconic acid (1). 
D) Oxidation of methyl-beta-D-glucopyranoside. 
There are three interesting reports in the literature 
on the ox~dation of methyl-beta-D-glucopyranoside (1,3,4). 
In the first p~per, Dyfverman et. al. (3) reported the 
oxidation of a .5 k aqueous solution of glucoside by bub-
bling chlorine gas constantly for 14 days at room temperature. 
The oxidation products were gluconic acid (5('/~), isolated 
(1) J.T. henderson,]. Am. Chem. Soc., 79, 5304 (1957). 
(2) E.A. Shilov and A. Yasnikov, Ukraia. VLim. Zhur. (Kiev), 
18, oll (1052); C.A., 49, 1574 (1955). 
(3) A. Dyfverman, B. Lindberg and D. V~ood, Acta Chern. Scand., 
5, 253 (1951). 
(4) 0. Theander, Svenst. Kern. Tidskr., 71, 1 (1959); C.A., 
53, 11825 (1959). 
as the calcium salt, glvconic lactone, 5-keto-D-gluconic 
acjd, isolated as the bari~m salt and then transformed to 
the brvcine salt and :identified as such, a lactone of 
5-keto-D-gluconic acid, and a small amount of an unidenti-
fied substance. ~hen the oxidation of the glucoside was 
carried out for 40 days, gluconic acid and a larger c.mount 
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of 5-keto-D-gluconic acid were isolated. They conclvded that, 
since methyl-beta-D-glucopyranoside is ~table in acid, it 
does not hydrolyze and then undergo oxidation. This,together 
with the fact that the 5-keto acid is produced in higher 
propor'tion when the oxidation was performed for longer time, 
suggested that gluconic acid iE the first product in this 
oxidation. 
henderson reported later (1) that oxidation of methyl-
beta-D-glucopyranoside at pH 4.5 maintained with NaOAc/AcOH 
buffer at 20 ~ 2° for 12-24 hr, gave glucose, arabinose, 
carbon dioxide, oxalic acid, and probably 2-keto-D-gluconic 
and 2,5-diketo-D-gluconic acid. he did not identify the last 
two. Be conclvded that glucose '"'as not produced by hydrolysis 
because methyl-beta-D-glucopyranoside was not hydrolyzed in 
lLi days at pH <-'1.5 and 20°, but rather that it was _b.lrobably 
prodvced by oxidation and then hydrolysis. He supposed that 
arabinose is formed directly from the glucoside, because 
twice as much arabinose as glucose was produced. Bowever, 
(1) J.T. Henderson, j. Am. Chern. Soc., 79, 5304 (1957). 
his experiments were performed in an open flask and were 
not carried out in absence of light. 
Interesting work by Theander appeared later (1). H.e 
carried out the oxictation at 30° for 17 hr., from pH 2 to 
X 
10. The pH wa~.- maintained constant by an avton:atic titrimeter. 
Ee isolated ::tcidic <llld neutral J,Jroducts. The acidic }'roducts 
were gluconic, erythronic and glyoxylic acids, at all pHs. 
At pH 4 there wa~ a preponderance of glt-conic acid, while 
at pH 7 the majcr acidic products were erythronic and 
glyoxylic acids. The larger yield of neutral ~reduct was 
formed at pH 4. This inc:i_vded arabinose (.v)~), glvcose (2%), 
2,3, 6 and 4-keto-methyl-beta-D-glvcosides (.8%, 1.2%, 2.0% 
and trace, re~pectively), small amounts of D-glucose and 
traces of ribulose. The only neutral products at pH 10 were 
glvcose qnd arabinose. 
E) Oxidation of methyl-alpha-D-glvcol_;.yranoside. 
There is only oue ycblication on the ~roc1vcts of aqueovs 
chlorine oxidation of methyl-alpha-D-glucobyranoEide. Dyfverman 
et.al. (2) found that this sugar was very Lnreactive. After 
oxidation of a .5 M solution of sugar by bubbling chlorine 
gas for 32 days at room temperature, 00% of unreacted ~ugar 
and a small amount of gluconic acid were isolated. 
(1) 0. Theander, Svensk. Kern. Tidskr., 11., 1 (1959); C.A., 
53, 11825 (1959). 
(2) A. Dyfverman, B. Lindberg and D. Wood, Acta Chem. Scand., 
5, 253 (1951). 
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II) Oxidation of sugars with chlorine water. Kinetics. 
A) Oxidation of D-glucose. 
The first work on the kinetics of oxidation of D-glucose 
with aqueous chlorine solutions, by Shilov and Yasnikov (1), 
was at three different pH ranges: acidic (ph 4-5), neutral 
or slightly basic (pH 7-9), and alkaline (ph 10-13). The pll 
was maintained constant by .1 M j)host;:•hate buffer. The ionic 
Etreneth of the solution was .2-.5 M. ~he experiments were 
performed at 25°. Jbey foun~ no decomposition of chlorine 
water during the course of the reaction. 
They found that at pH 4-5 the consumf)tion of cblorine 
was slow. At slightly bqsic pH the rate of oxidation in-
creased and followed a third order law: 
dC - k (glucose)(BOCl)(HO-). 
-Cit 
At hifh pH the reaction was very fast, with a first order 
rate expression: 
dC - k (gl~cose). 
crt 
They proposed three different mechanisms for the 
ir:terj)retation of these reE'ults, each one involvinf "active" 
chlorine and three different ~·.pecies. At low ph tbe reaction 
is, according to their vipws, between the aldehydic form of 
(1) B.A. Shilov and A. Yasnikov, l:krain. Khim. Zhur. (Kiev), 
_!§ , 59 5 ( 1 9 52 ) ; C . A . , 4 9, 15 7 4 ( 1 9 55 ) • 
glucose, chlorine and water: 
R-C-OI-i I 2 HCl 
0 
In the middle pH range, the reaction takes place between an 








n- Ch- c-01:-1 I h 2c I cl-6.H () 
At high pH the oxidation occurs between an enol form of 









R-<;::R-<;::=o I c1- I no-
Ho OH 
Shilov and Yasnikov ignored in their work the action 
of hypochlorite ion, as well as the hemiacetal forms of 
D-glucose. Their experimental work is not clear and tbeir 
interpretation of the results is obscure. 
A better approach to the problem was reported by 
Lichtin and Saxe (1). They developed a new re,ction vessel 
for this oxidation, an hypodermic syringe, eliminating any 
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loss of chlorine by volatility. A pH of 2.2 was kept constant 
with pllos-LJhat e buffer. 'fhey f ounc1 that this oxidation pro-
(1) N.N. Lichtin and 1\i.h. Saxe, J. J-\J11. Chem. Soc., 77, 
187) (1955). 
ceeds beyond the gluconic acid stage, and that there is no 
primary salt effect, an indication that at least one react-
ing spPcies is neutral. They arrived at the conclusion that 
glucose, at this pH, follows the rate v = k (Cl 2 )(glucose), 
. . -l h -l 35 7° where k :ts 15 11. ter mole r at • • At pH 3 the oxida-
tion was catalyzed by H2Po4 . Their mechanistic interpreta-
tion of the results involved a two stage process in which 
there is a rapid equilibrium between chlorine and the hemi-
acetal form of glucose, followed by a slow irreversible 












0 B :rl I 0 I l.Z:N I 2Cl 
I 
Here B: and N: represent any base. 
Lichtin and Saxe left more questions than answers in 
their article, but they developed a new technique and set 
the basis for f~ture work. 
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Grillo (1) continued the previous studies of the 
oxidation of glucose by aqueous chlorine solutions. The 
work wa~ extended to pH 2.1, pH 4.u and pfl o. Grillo 
found the order in glucose to be one in each case. He 
also found a positive catalytic effect of the buffer. The 
order in oxidant w~s one at pH 2.1 and ~, but less than 
one at pH 4.o. The rate of consumption of active chlorine 
was faster at pH o, slower at ph 2.1 and slowest at pE 4.u. 
At pH 2.1 and 4.o the reaction rate increased with an in-
crease in chloride concentration, ~1ile at ph u the rate 
of reaction was independent of chloride ion. Thi~, conduct 
was attributed to the chlorine-;===~hypocblorous equilibrium, 
which is involved at pH 2.1 and 4.u. A:~ the chloride con-
centration increases, the ratio Cl2/h0Cl also increases and 
molecular chlorine is more effective than hypochlorous acid 
in this oxidation. 
B) Oxidation of D-gluconic acid. 
Before revewing the literature on the oxidation of 
D-gluconic acid, it is important to recall that this acid 
exiEts in equilibrium with its gamma and delta-lactones. 
This equilibrium depends upon pH and temperature (2). 
(1) G.j. Grillo, Ph.D. Dissertation, boston l'niversity, 19oO. 
(2) D.T. Sawyer and J.3. l~agger, J. Am. Chern. Soc., tsl, 
5302 (1959). --
The first paper on the kinetics of oxidation of 
gluconic acid by chlorine water is re0orted by Shilov 
and Yasnikov (1). They investigated this oxidation at 
pH 5 to 9, a range in which D-gluconic acid exists as 
gluconate ion. The oxidation product is 2-keto-D-gluconic 
acid. This oxidation follows the rate law: 
v - k (glvconate ion) (HOCl) 
• l 0 h k • 1 ° 1 -l 0 -l t ~ d r 5° l J.n wuc ~ 1s .3 1ter moe m1n a pL 1 an ~ • T1e 
reaction was faster at neutral pH and slower at acidic and 
XV 
basic pHs. They found that hypochlorous acid was more active 
than molecular chlorine and hypochlorite, and that the con-
centration of phosphate buffer did not affect the speed of 
the reaction. They assume that hydroxyl ion acts to some 
degree as a catalyst of the oxidation. 1heir mechanistic 
interpretation of the results assumes the existence of an 
ester of hypochlorous acid, as follows: 
-J 
" -C-0 







C=O I l 20 I Cl 
( 1) E .A. Sh ilov and A. Yasnikov, lJkrain. Khim. Zhur. ( \i ev), 
18 ' b 11 ( 1 q 52 ) ; . .:; • \. ' 4 9 ' 15 7 4 (19 55 ) • 
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!~rillo (1) lat<:=>r fnunr1 a first order dependence on the 
oxidant concentration at ph 2.1, 2.8, 4.~ and 0.0. 1he rate 
of oxidation of gluconic acid was more ra9id than tl1at of 
glvcose, and it increased as the pH became higher. It a[J-
pears that the active species is hypochlorous ~cid and not 
molecular chlorine. The order in sugar is .5 at ph 2.1, and 
1.0 at pE 4.6 and u.O. \A.1len the reaction was performed with 
non-equilibrated glucr)nic-delta-lactone, there was no c:.ig-
nificant change at ph 2.1, but at ph 4.v and v.O, the rate 
increased considerably. It wa8 concluded that gluconic-
delta-lactone is oxidized at a faster rate than gluconic 
acid or glucnnate ion. 
C) Oxidation of methyl- D-gl uco~Jyr anosides. 
There appear to be only two papers in the literature 
reporting the kinetics of the oxidation of methyl-D-[luco-
pyranosides (1,2). 
Theander (2) reported tlte oxidation of methyl-beta-D-
flucopyranoside with chlorine and with typochlorite from 
pH 2 to pH 10, at 30°. The pH was maintained constant by an 
automatic titrimeter. He found the reaction to be most rapid 
(1) G.J. Grillo, Ph.D. Dissertation, Uoston lniversity, 19u0. 
(2) o. Theander, Svensk Papperstidn, ul, 5~1 (1958); C.A., 
54, 273o (19o0). 
at pi-; 7 and slowest at pH 10. This work was mainly devoted 
to the reaction products, as descr~bed above. 
~rilln (1) studied the oxidation of methyl-beta-D-
flucopyranoside as well a~ the methyl-alpha-isomer. In 
both cases no primary salt effect was found. 
(-:';rillo reported for the beta sugar the rate law: 
v = k (active chlorine)(sugar). 
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This ex~ression is true for ph 2.1 an~ ~.v. At pH 0.5 the 
active chlorine consumption was fa~ter, the order in sugar 
was .5u and the rate increased with increasing initial 
oxidant concentration. He attributed the latter to a cata-
lytic effect of hypocLlori te ion. Ee conclt'ded tl:at molecular 
chlorine and hypochlorous aci~ oxidize at approximately the 
same rate. At pH 2.1 the reaction is catalyzed by chloride 
ion. Catalysis by buffer at ph 2.1 is negligible, while at 
pH 4.o and c..5 the reaction rate increased with an increase 
i~ buffer concentration. 
Grillo found the oxjdation of methyl-alpha-D-glucopyra-
noside to be zero order in oxidant at ph 2.1, 4.G and 0.2:. 
The rate increased with an increase of initial oxidant 
concentration at pH 2.1 and o.2, and to be independent of 
initial oxidant concentration at pH 4.u. The order in sugar 
was mucl1 less than one at ph 2.1, while at pH 4.o the order 
(1) G.]. Grillo, Ph.D. DiEsertation, Boston ~niversity, 19oO. 
was between • o9 a•Jd 1.0. The discrepancy in order at ~H 4. \.-
was ascribed to the effect of different concentration of 
reductant on a comolex formation equilibria between active 
chlorine and sugar. The order in sugar is one at pH o.2. 
Molecular chlorine and hypochlorous acid oxidize the sugar 
at about equal rate. The consumption of oxidant was fastest 
xviii 
at pL u.2, perhaps due to a catalytic action of hypochlorite. 
At pH 2.1 there was negligible c~talytic action of the buffer, 
~~ile at pH 4.6 the reaction was catalyzed by the buffer as 
well as by chloride ion, and at pH b.2 there was catalytic 
effect of the buffer :in addition to that of hypochlorite ion. 
DISCUSSION 
I) Synthesis. 
A) Selection of synthetic methods. 
1) Synthesis of D-e;luccv:;e-1-d. 
The preparation of D-glucose-1-d was the first step 
in this research (1). Two methods for the preparation of 
D-glucose labPled at carbon one were rublislled prior to 
this ·work: reduction with sodi urn amalgam (2, 3) and wi tll 
sodium borohydride labeled with tritium (4). Later in this 
work, and when the deuterio sugar had been made, a third 
synthesis was reported (5). 
All potential methods involve reduction of D-gluc~nic-
lactone (gamma or delta). They can be classified in four 
groups: a) Reduction by hydrogen using 0latinum as catalyst, 
b) Soctium amalgam reduction, c) Sodium borohydride reduction, 
and d) Lith:ium borohydrioe reduction. 
(1) M. Vrauiza and N.N. Lichtin, 1Af~I, 44, 221 (1901). 
(2) Y.J. Top;Jer and D. Stetten, J. Jiol.Chem., 189, 191 
(1951). 
(3) M. Stacey, R.H. Moore, S.A. Barker, H. Weigel, E.J. 
Baurne and D.H. whiffen, 2nd UN Geneva Conference, 
Session D-o p/14Go UK. 
(4) F. Friedberg and L. Kaplan, Abstracts of the 13lst :tv)eeting 
of the Am. Chern. Soc., Miami Beach, Florida, April 1957, 
p. 8v-O. 
(5) H.S. Isbell, I-i.L. Frush, N.L. Holt and J.D. i1ioyer, 
J. Research Nat. J:!ur. Standards, v4A, 177, loO ( 19u0 ) • 
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a) Reduction of D-gluconic lactone by hydrogen vsing 
platinum a~ catalyst. 
Reduction of D-gluconic lactone by hydrogen using 
[Jlatinum as catalyst (1) gave yields of glucose of 28~o, 
when the hydrogenation was carried out at atmospheric 
pres sure, and 80% yield, when the expe rime.nt iv':l.S performed 
under three atmospheres (2). 
b) Sodium am~tlgam reduction of D-gluconic lactone. 
Sodium amalgam reduction of D-gluconic-gamma-lactone 
was reported to give 04 to 70% yield of glucose (3). It wa~ 
later reported (4) that the delta-lactone gave better 
results (80% yield of glucose). 
c) Sodium borohydride reduction of D-gluconic lactone. 
Sodium borohydride has been widely used in reduction 
of sugar~: (5). Friedberg and Kaplan (o) obtained 40% yield 
of D-glucose-1-t upon reduction of D-gluconic-delta-lactone 








].W.E. Glattfeld and E.H. Shaver, J. A.m. Chern. Soc., 
49, 2305 (1927). ]:"w.-s. Glattfeld and G. Schimpf£, ibid, 57, 2204 (1935); 
D.E. Koshland and F.H. Westheirner, ibid, 72, 3383 (1950). 
N. Sperber, J-l.B. Zaugg and 1iV.Nl. Sanc1:-:-trom-,-ibid, o9, 
915 (1Q47); Y .] •. J.'opper and D. Stet ten, J. Biol. Chern., 
189' 191 ( 1951). 
h.S. Isbell, E.L. Frush and r· .• Shaffer, J. Research 
Nat. 13ur. Standards, 54, 201 (1955). 
~-1. Urquiza and N.N. Lichtin, TAi:'Pl, 44, 221 (19ol). 
F. Friedberg and L. Kaplan, Abstracts of the 13lst 
l\1eeting of t'he Am. Chern. Soc., Miami beach, Florida, 
April 1957, p. 8u-O. 
R.U. Lemieux. C.T. Bishop and G.E. Pelletier, Can. ]. 
Chern., 34, 13o5 (195o). 
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following the procedure published by Friedberg and Kaplan, 
isolated 80% yield of glucose by chromatographic separation 
of the reaction products. 
d) Lithium borohydride reduction of D-gluconic lactone. 
Isbell et. al. (1), studied the reduction of D-gluco-
nic-delta-lactone with lithium borohydride. They were able 
to obtain a 53~ yield of crystalline D-glucose-1-t by using 
labeled lithium borohydride. 
Hydrogenation of gluconic lactone, according to 
Glattf'=ld and Schimpff (2) was f-irst :lttempted. Thi~. pro-
cedure involves the hydrogenation of D-gluconic-delta-lactone 
vnder three atmo~:pheres of pressurP with Adams' catalyst. 
The yields obtained (55%) were lower than those reported by 
Glattfeld and Schimpff (80%). ilecause of these low yields 
and becau~e of difficulties -in isolation of pvre ;lucose 
due to the formation of some alcohol, this method was dro~ped. 
So~ium borohydride reduction was next investigated, 
because th1s rpductant does not exchange its hydrogens with 
~ater (3) and the reaction is cleaner than that of the sodium 
amalgam. 
After obtaining promising results in several ~relimi-
nary experiments (po. 147-148 ), the reduction of D-r:ll··conic-
(1) E.S. Isbell, L.L. Frush, :·;.B. Holt a:1d J.D. Moyer, j. 
R.e.<"earch Nat. Pur. Standards, v4A, 177, lbO (19L0). 
(2) J.W.B. Glattfelr1 and G. Schimpff, J. Am. Chern. Soc., 
57, 220Ll (1935). 
(3) f:P. Girardot and R.W. Parry, ibid, 73, 23v6 (1951). 
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delta-lactone by sodium borohydride was investigated until 
the conditions for ti1hest yields of glucose were achived 
( 100% when 2. 5 equivalents, and 90/S when 1 eqvi V3.1ent of 
sodium borohydride was used, Pf. 148-151 ) . The yield of 
~lucose was determined by Benedict's titration. 
2) Synthesis of sodium borodeuteride. 
Schlesinger et. al. published six different methods 
f :)r the synthesis of s::> dium borohydride. They are summarized 
in the following equations: 
a) 4 NaH I 2 B203 NaBH4 I 3 NaB02 
b) 4 NaH I B(OCH3 ) 3 l\aBH4 I 3 NaOCH3 
c) 2 B B 2 b I 3 Na(OCh 3) 3 NaBL4 I .0(0CB3) 3 
d) 2 B2Il I 3 NaB(OCH3) 4 -3 NaB.H4 I 4 B(OCH3 ) 3 () 
e) B2Hb I 2 NaBH(OCH3) 3 -2 ,-. ''F !'\{!1) 14 I 2 E(OCH3 ) 3 
f) 3 (CH3o) 2Bh I NaBH(OCH3 ) 3 ~ NaBH4 I 3 13(CCL3 ) 3 
The last two procedures (e and f) can be eliminated 
means of synthesizing sodium borodeuteride, because they 
would utilize two different sources of deuterium. Methods 
(c) and (d) employ a gas (B2Hb) which iE, not difficvlt to 
prepare (2) but is awkward to handle and store. ~he only 
as 
preparation of sodium borodeuteride reported in the liter-
(1) H.I. Schlesinger, H.C. Brown and A.B. Finholt, j. Am. 
Ch em. Soc. , 7 5, 19 9 , 20 5 ( 19 53) • 
(2) J. W. ~-1 e11or, "Inorr ani c and Theoretical Chern is try~~ Vol. 
V, Longmans, Green and Co., N.Y., 194u, p. 37. 
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att:re, Lowever, uses this method (1). Thi~~ wa~ published 
after the re~earch of the present 1vork was CODl.t)12ted. Frorr 
the remaining two methods, (a) gives yields of 00%, while 
(b) rives yiPlds of 8u to 94%. Method (b) was therefor 
~elected for the synthesis of sodium borodeuteride. 
Sodi urn d•'' v~:e ride was purchased from l'iet al riydr ides 
c:~everly, l'-'11.Esachn·etts". '_;_'he procedurP for sodium boro-
hydride preparation was d2veloped to a s1tisfactory state 
(pp. 157-162 ) before being applied to sodium borodeuteride. 
The product was purified with isoprot)Y lamine cont ainin;s a 
small amount of water, as reported by Banus and Gibb (2). 
3) Synthesis of methyl-alpha and beta-D-glucopyranoside-1-d. 
I;ethyl- alpha ar1d bet 1.-D- glvco;Jyr anosides can be prepared 
by Fischer's method, which involves boiling of dry ~~ethanol 
with anhydrous D- [l ucuse; hydrochloric acid or /;.:~1be r Lite IR-
120 is used a~ catalyst (3). Long boilinL produces good 
yields (80~0 of alpha- pyranoside, which is thermodynarni c:llly 
more E table than the two furanosides and the bet a-pyr moside 
(3a). On short boiling beta-~yranoside is )roduced in 21~ 
yield, together with alpha- pyranos ide ( 10'/c yic ld), 1:h 1_ ch can 
be separated from the mixture by cooling the rnethanolic 
(1) R.B. D1vis, C.L. Kibby and C.G. Swain, J. Am. Chern. Soc., 
82, 5950 (19uO). 
(2) M.D. Banus and T.R.P. Gibb, U.S • .2at., 2,542,74l! (1951); 
C.1\., 45,441.5 (1951). 
( 3) a. G. N-.-Bo11enback, "lviethy 1 Glucoside. .1:'rep:1.ra t ion. 
xhysical Constants. Derivatives~' Aca.:L ~·re,.,e:, Inc., 
~'J.Y., 1958, p.c. 
b. J.E. Cadotte, F. Smith and D. s;niesterbach, J. Am. 
Chern. Soc.7- 74, 1501 (1952); K. Erne, Act:::t Chem. Sc'lnd., 
2_, 893 (19.J.5): 
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so1ttion (1). fhe beta-pyranoside can be isolated as 
potassium acetate com)lex (1,2). 
;··,ethyl-beta-D-flt1copyranoside c~u1 also be irepared 
indirectly in five Etep2, starting from D-&lucose, in 30-
35% yield, as ~ummarized in Figure 1. 
Fischer'E nethod fives a combined yield of 39% of 
alpha and beta-pyranosides, while the indirect preparation 
gives, under the best conditions, 35% overall of beta 
compound only. ~Vi th this in mind, and considering tte si,,lplic-
ity of the Eynthesis, Fischer's method was selected for the 
preparatinn of the two pyranosides, and in addition, the 
!T!other liquors from this reaction were worked u9. 
The mother l.iavors in FiscLer's methylation are proba-
bly composed of a mixture of unreacted D-;lucose, methyl-
pyr ?.no:: ides and furanosides, and perhaps soJLe ::.:;_ 'ler s. ~\Ji th 
these considerations, there are three possibilities for the 
utilization of the mother liquors: 
a) Chromato~ra,;hic ;,;:eparation of the mixture. 
b) hyirolysis of the lfother liquorE to get back ~lucose. 
c) To continue the metl1ylation of the mother liquors 
by lone,. toiling with methanol and hydrochloric acid -co 
obtain the therrrodynn.mically more stable alpha-pyranoside. 
(1) A.L. Paymond and S.F. Schroeder, J. Am. Chen:. Soc., 
70, 2785 (1948). 
(2) A."J. 1.1Jatters, :).'-::. Hockett and c.s. Hudson, ibid, 5o, 
2199 (1934). 
l!yr1_rEne, 
( .-?.c f. 1) 
MeOL 
Collidine 
('~e f. 3) 
QCfi 20Ac ,JAc, -~ ~~o Lbr ;\cOL AcO OAc (Ref. 2 ) 







Figure 1. 'Synth0sis 0f n:etliyl-oeta-L-clucopyranosidc. 
Indirect method. 
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(1) \.I. Vo,rPl, "Fractic-11 ,lrr.anic Cllen.istry~' Lonp:•:',ns, (;recn 
'lnrl Co., ?\.Y., ]040, p. L139. 
(2) C.G. Ter~mias, G.3. Lvcas and C.A. ;\!ackenzie, J. _\m. Chern. 
c:0c., 70, 2598 (1048). 
(3) !l. l'?lterich, A. Doppstctdt ::tnd .\. Gott~.chlicll, :·iatur-
wissenschaften, 40, 441 (1953). 
(.1) r;.J. Grillo, Ph.D. Dissertatio:1, :Joston l-niversity, 19v0, 
p. 7. 
Several subst~nces, svch as charcoal (1), charcoal-
Celite (1), or cellulose (2), could be used for the chromato-
graphic ~~erH.r::ltion of the sugars in the mother liquors. 
Cellulose ~fuatman wa~ ~hosen for this separation, but the 
re:~ults •vere not .s8ti~factory (p. 176 ). The next attempt 
was the hydrolysis of the mother liquors, and Amberlite IR-
120 was used (pp. 176-17( ) . l~ re liP<; 'lary ex!Jer iments gave 
an additional 3)% yield of D- glucose ba:~ ed on the ori gi n:1l 
amount of gluco:<e used for the methylation. The combire d 
yield of alpha and beta pyr::1nosides and recovered glucose 
was almost 701c. 
B) Discussion of synthetic methods. 
1) Preparation of sodium borodeuteride. 
Several ~relin~inary experiment~ were carried out for 
the pre[)aration of sodium borohydride using sodium hydride 
and methyl borate, according to the method of Schlesinger 
et. al. (3). Small variations had to be made in that metboi, 
becatJSP Schlesinger recomn~ended dry sodi urn hydride and sodium 
deuteride was purchased as an oil suspension, difficult to 
Free of oil. A suspension of ~,odium hydride dilvted with 
mineral oil to 10% by weight of sodium hydride was therefor 
used in the preliminary work. 
(1) \'J.J. 'v\Jhelan and K. ]\;organ, Chern. 2,.: Ind., 78 (1954). 
(2) I. Augestad and E. Berner, Acta Chern. Scand., £, 251 
(1954). 
(3\ 1-l.I. Schlesinger, L.C. Brown and A.E. Finholt, J. Am. 
Chern. '-:oc., 75,205 (1953). 
It is :in·portant to have stoichiometric amount::: of 
methyl borate and sodium hydride in this pre[Hration: 
It was observed that with an excess of me thy 1 borate 
the isolated s0dium borohydride was very impure. Thi::-: was 
probably due to formation of complexes st-:ch as NaD(C!CH3) 4 
which are ~.oluble in i.sopropylamine. These complexes do not 
evolve gas w=th water c~ee p. 10). 
Dry nitrogen should pass slowly but c0nstantly during 
the course of the reaction above the surface of the mixture 
to lJrevent decomposition of sodium hydride by atmos~Jheric 
carbon dioxide. It is also important to have tood ~echanical 
contact between the m12thyl borate and the sodium hydride. The 
9 
methyl borate was added dropwise with a separatory funnel with 
a long stem that almost touched the sodium hydride suspension. 
The stem of the separatory funnel passed through a condenser 
cooled with ice water, because this reaction was performed at 
2b0° and methyl borate boils at 00°. If there were not good 
cooling in the cond~nser and the separatory funnel did not 
reach the flask, methyl borate would be partially eva9orated 
and the yields of sodium borohydride would be low. 
Sodium borohydride was purified following the method 
of l:Sanus and Gibb (1). fhis method consi.:cts of di.:osolving 
(1) M.D. Banus and T.R.f. Gibb, U.S. Pat., 2,542,74c (1951); 
C.A., 45, 4415 (1951). 
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the impure sodium borohydride in isopropylamine cantaining 
a very small amount of water. The water reacts with the 
impurities (i.e. NaB(OCH3) 4 ) to form a solid and an alcohol: 
NaOH f NaB(OCH3 )~ f 2 H20 7 Na2hB03 f 4 CH30H 
If too much water is added, the precipitate may redis-
solve. Banus and Gibb recommended about 50% of water based 
on the weight of total impurities. Experimentally was found 
that 30% of water gave the best results (p. 162 ). 
No difficulties were found when sodium hydride was 
replaced by sodium deuteride. The sodium borodeuteride pre-
pared contained 99% atom of deuterium (p. 164 ). 
The purity of sodium borohydride was determined by 
gasometric analysis (1). Unreacted sodium hydride was also 
determined gasometrically. The reactions upon which these 
analyses are based are: 
NaH f H 0 2 -----:.NaOH f H2 
NaBH4 f 3 H20 f AcOH --- NaOAc I B(OH) 3 f ~ H2 
The analysis was performed on the fraction soluble in 
isopropylamine and, separately, on the fraction insoluble 
in isopropylamine. A small portion of each was first dissolved 
in water and the gas evolved gave the amount of sodium hydride 
in the samole. Once the evolution of gas stopped, the solution 
(1) W.D. Davis, L.S. l\lason and G. Stegeman, ]. Am. Chern. 
Soc., 71, 2777 (1949). 
was acidified with diluted acetic acid and the [ .. as evolved 
repre::ented tte an>:.>tmt of !':odium borohydride in the sample. 
2) Reduction of sugar lactones with sodium borohydride. 
The synthesis of D-glucose-1-d from D-gluconic-l::tctone 
with ~odium borodeuteride was the main concern in the first 
part of this research. In these experiments, the yield of 
glvcose wq~ determined by Benedict's analysis. 
1be first attempt to reduce D-gluconic-delta-lactone 
with sodivm borohydride was to follow a method re~orted by 
Wolfrom and Vvood (1). This method consists of reducint ·a 
sugar lactone with a cold solution of sodium borohydride 
(2.5 equivalents), maintaining the pB of 3-~ by adding 1 N 
sulfuric acid. 1'he reported yield of glvcose 'wC:ts t~O~o. 
Because of the wa~.tage of sodivm ;>oroLydride, sulfuric 
acid was replaced by a weaker acid,acetj c acid. In this case 
one mole of acetic acid per mole of sodium borohydride was 
added to the sugar solution at once and before the addition 
of 2.5 equivalents of sodium borohydride. Several experiments 
were performed. It w~s observed that the yield of flucose 
varied from run to run, from 80% to 9o%. This reaction was 
carefully stu~ied and it was noticed that the variation in 
yield was due to the dissolution of the lactone, i.e. when 
the lactone was clissolved in water ::t:-1d the mixture wa~; allowed 




to stand for a while before the addition of sodium borohydride, 
the yields were low. ~hen the lactone Wls dissolved in water 
and the reductant added immediately, the yields were high. 
A logical explanation for these reEults is that D-~luco-
nic-delta-lactone is hydrolyzed to sluconic acid (1); the 
latter is not reduced by ~odium borohydride, and the yields 
are low. This reagent does reduce aldehydes, aldoses, and 
su[ar lactones (1). 









Where k 1)k2 ; reactions k 3 , k 4 and k 5 are unimportant. 
Actually the rate constant k 1 represents the slowest 
reaction of a series of consecutive re~ctions. The actual 
(1) I!. 1'rquiza and N.:N. Lichtin, TAPPI, 44, 221 (19ol). 
mechanism is probably the following (1): 
k1 '> [I-!.3BOChR2)-
R2 c:o 1 (H 3Boci-IR2J- __ k ...... z~-?> (H2 l_-)(ccER2 )~­
R2c:o 1 (E2DcccLR2 ) 2]- _k-d3--.. (HBCoc:t-.R2 ) 3J-
IZ2c:o 1 (rlD(C'CLR2 ) 3f k4 ~ (BcocER2 ) 4r 
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(BcoclJR2 ) 4f 1 Acor-, 1 3 E2o ·---i', 4 R2cbct 1 scoh) 3 1 Ace 
It is interesting to notice that delta-lactone gave 
better re::oults th~n gan;ma-lactone (p. 152 ) . This i.e: in 
arreement with 11rown and Ichik~wa (2), who found that six 
member cyclanones react faster than five member cyclanones. 
Several experiment~ were devoted to establishin; cond~ 
tions for maximum utilization of the reductant in the reaction 
of sodium borohydride with D-gluconic-delta-lactone (p~. 147-
152 ). Tt~ir pur:Jose was to avoid equilibrcttinn of delta-
l~tctone with C:).rboxyl:i c ::J.Cid, carboxylate ion or samma-
lactone and the po~sibility of further reduction of glucose. 
The:-e objectives can be achieved by rapidly reducins at 0° 
a solution of delt~-lactone made up in ice water immediately 
before use. The q_drlition of sodium borol'ydride increases the 
pE of the solution drivin[ the hydrolytic equilibria towards 
the unreactive carboxylate ion as well as cat~lyzin~ equili-
(1) H .c. Brown, O.h. liVheeler and K. Ichikawa, Tetrahedron, 
1, 214 (1957). 
(2) "f..c. F~rown and K. Ichik0.wa, ibid, 221. 
br::~tion. Thi:c effect Cc:tn be compensated by emr:>loying a 
weakly acirtifiPd reaction ffiedium, but the~ deconposition 
of borohydride to yield molecular hydrofen co~petes with 
the reduction reaction and an excess of reductant muEt be 
14 
After several enEucce.'' ful experiments, two procedures 
were deve looed. ;\ ettori 1 involves the addition of 2. 5 
eouivalent~; to :'odium borohydride per equivalent of D-rlvco-
nic-delta-lactone to a solution of lactone acidified with 
onemole of acetic ~cid per mole of barohydride ~nd results 
in quantitative conversion of the lactone to the aldose as 
e ~ t i mat e d by t i t r at ion \\i t h Bene d j c t ' s r e 1 t' en t . Th i s me tho d 
is wasteful of reductant. Method 2 invoJves the u~e of 
equivalent amounts of reactant~ (four moles of lactone ~er 
mole of ~odium horohydride) in absence of 1cid and re~ults 
in 90% conversion to D-~lucose according to benedict's 
titrJ..tion. 
Ne~ther nrocedure rives good r~svlts with several 
otr;er ET£'1r lactones • .l'he dctta in Table 23 (~). 152 ) docv-
ment th;' conclusion and svggest a distinction b·2tween the 
efficiency of reduct ion of del ta-1::-.ctoa e and f ::t;:;ma-1 act one:--. 
T'nf-ort t'na tel y, only one de 1 t a-lacton2 was ava~ 1_lble to n: 
and this SUffestion has not been subjected t~ ftrther study. 
\ 
3) Isolation of D-glucose. 
The second part of the synthesis of D-glucose by 
reduction of D-gluconic-delta-lactone with sodium boro-
hydride was the isolation of D-glucose from the reaction 
rnixture. Two factors had to be considered: tlle hydrolysis 
of the rather stable complex li3(0ChR2 ) 4)-(l), and the 
formation of complexes between boric acid and glucose 
(2,3) such as: 
/ I i I -
· -C-0 0-C-



















Isbell et. al. (3) suggested the existence of these 
three forms. They concluded that form I is favored by high 
concentration of glucose, form II is favored in diluted 
solution of sugar at high concentration of boric acid, and 
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III is favored at still higher concentration of boric acid. 
They found that an increase in pH increased the formation of II· 
(1) I'1etal Hydrides Inc., "General Catalog of Technical 
Bulletins~' Beverly, Mass, 195u, p. 502-F; S.W. Chaikin 
and W.G. Brown, J. Am. Chern. Soc., 71, 122 (1949). 
(2) L.P. Zill, J.X. Khym and G.M. Cheniae, ibid, 75, 1339 
(1953). 
(3) h.S. i~bell, J.F. Brewster, N.B. Holt and H.L. Frush, 
]. Research Nat. Bur. Standards, 40, 129 (1948). 
Bragg and hou[h (1) reported that glucose exists as 
f1~ranoside with borate coml;lexes. 
The bydroly~is of the complex (B(OChR2 )4fcan be 
accon:pli~hed by adding acetic acid ac the end of the 
reduction. IFbell and Frush used ion exchange resins to 
produce this hydrolysis (2). 
In order to se~arate glucose from the borate complexes, 
ion exchange colvmns ',ere used. Tvvo colUPms of A;berlite 
IR-120 and. two of Duolite A-4 (2) were ernp1cyed for this 
seuaration. The t'.Se of these resins lad a trii)le purpose: 
a) to i,y'iroly;:e ;1ny remaining ~(OChR2 ) 4TcomL)lex, b) to 
se arate boric ~cid from glucose and c) to se~arate any 
vnreacted lactone or luconic acid, ~hich wc~ld remain 
attaci~ed To the anionic bed (see !Jp. 165-167 ). The re-
rraining boron, pre.c ent in the anionic res in, \1\ias e 1 i:.:ina ted 
by repeated distillic:tion with abso1vte methanol (3). The 
rresence of toron wa.c detected with turmeric paper (4). 
Duolite A-4 (5) was chosen for this isolation because 







:P.D. i)ragg and L. Hough, J. Chem. Soc., 4343 (1957). 
H.L. Frush and H.S. Isbell, J. Am. Chern. Soc., 78, 
2844 (1956). 
L.P. Zi11, J.X. KLym and G.M. Cheniae, ibid, 75, 
1339 (1953). 
F.J. WelcLer, "Organic Analytical Reagents~' Vol. IV, 
D. Van Nostrand Co. Inc., 1948, p. 39b. 
Duo1ite Data Leaflet No. 10, Chemic8,l Process Co., 
Redwood, California, 1958. 
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form of tertiary amines, thereby avoidinc Ar adori rear-
raneements (1). ,_ 
Synthesis of D-glucose-1-d was accomplished using 
sodium borodeuteride and D-gluconic-delta-lactone. The 
yield of isolated glucose was bB%. Analysis for deuterium 
gave 9~% atom nf deuterium. Deuterium was proved to be 
loc~ted only at position one by oxidation to gluconic acid 













4) Synthesis of methyl-alpha and beta-D-glucopyra-
noside-1-d. 
The synthesis of methyl-alpha and beta-D-glvcopyra-
noside-1-d was accomplished using direct methylation, as 
reported by Raymond and Schroeder (3). iethyl-alpha-D-
glucopyranoside was separated first by crystallization and 
methyl-beta-D-glucopyranoside was isolated a~ potassium 
acetate complex (3,4). 
In this methylation, any of the four isomeric cluco-
sid~s can be isolated, depending upon condition~ of time, 





S. J\,oore and K.l. Link, J. Biol. Chem., 133, 293 (1940). 
i\.L. Raymond and .E.F. Schroeder, J . .AJn. Chem. Soc., 
70, 2785 (1948). 




temperature and acid concentrations(!). It has been faund 
ttat th~ rnincr~l acid catalyst can be re~laced by ~,.berlite 
U<-120 which rray be ~eparated by filtration from tLc reaction 
'·'ixture (2). If this. reaction is allowed to r:o to con'pletion, 
the final f)rodvct is a mixture of methyl-alpha and bet a-D-
glucopyranosides in ,vhicb the forrre r predor.linates. 
The mechanims for this glycosidation has been carefully 
studied (1,2,3), bvt the conclusions are ob~cure. In surrmary, 
the reaction of D-glucose with acid methanol appears to 
proceed as follows (1): 
/-D-glt·cose · z-D-glucose 
1l ~ 1l / f ::::--:--- ... - j/. f methyl-;?( -D- g 1 uco 1Jr anos1de me thy 1/ -D-g luco t~r anoside 
1l ~ 1l 
methyl- v(-1J- g 1 ucopyranoside ._ me thy 1~-D- 21 UCC}iyr anoside 
Both glycoside formation and hydrolysis are explained 
throuFh the same mech:tnism. It is known that the oxygen 
(1) G.?L 8ollenback, "A:ethyl Glucoside. l·re~);·.m tion. 
Physical Constant~. DerivativesV Acad. ~ress Inc., 
1\~.Y., 1958, r)r~. 5-7. 
(2) K. 'Srne, Acta Chern. Scand., .2_, 893 (lct55). 
( - '- ·. · .,. · L P n d " J D · 11 J ,~ · 1 .)/ ..:-.h. Levene, .'1. •• _,aymon~ an. t, •• 1 o11, • .u1o • 
Chern., 95, c99 (1932), 9o, 449 (1932); [, .. L. ·v~olfrom 
and S .. v. ~~aisbrot, J. i\n:. Chern. Soc., ul, 1408 (1939); 
J.W. Green a~ld E. Pascv, ibid, 59, 1205(1937); R.J. 
Ferrier and W.G. Cverenc-1, 1uart. Rev., 1:1, 2o5 (1959); 
F. Sbafizadeh and A. Tbompson, J. Cr[. Chem., 21, 1059 
(195b); J.T. Edward, Chem. (~·Ind., 1102 (1955). 
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at car~on one is lost on hydrolysis (1), ttis scp~orts the 
idea of an intermediate carbonim:. ion (1,2). ,;,r our et. al. 
(1) svggest th~t thi~ carbonium ion is cyclic and not an 
o~Jen chain ion by studying the hydrolysis in v,:ater and in 
Leavy water. Ile found a deuterium isotope ·~ffect of kD2c/k1 ~2o 
eaual t0 2.5, when methyl-alpha-2-deoxy-D-glucopyranoside 
n 
was hydrolyzed witb 1.2 ,t,i 1:c1o4 at 44.t'-. They svgrest that 
there i~ a common mechanism of llydroly~;is of all the f lyco-
pyranosides, and that this involves the rate-deten,-i_l1ing 
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C • .L\rmour, · G.A. Btmton, S. l:'atai, L.h. Selm;:m ai1d 
Vernon, J. Chen~. Soc., 412 (1901). 
F. Shafizadeh at1d A. Thompson, j. Org. Chern., 21, 





Beta-flycopyr~no~ides are hydrolyzed more rapidly than 
the alpha-anorners, becauEe alpha-methyl is in axial position 
~~~ch shields the orotonation (1). 
'· 
The fornJation of carbonium ions will t,::nd to cLange 
C-1 from its normal tetrahedral form (I) to the ~lanar 
tri;zonal form (II) which on solvolysi5 will give III: 
~gr; 
\ ' ~l 
·-----........j,.(jcn
3 r{ ,. . 
~Oil 
(I) (III) 
This 1dll be followed by mutarotational chJ..nges (1). 
vH th thi.c direct methyl at ion the yield of methyl-alpha-
D-rlucopyranoside-1-d was 13~~, and tbat of the bet .1.-deriv::t-
tive w~s 18% (pp. 171-173). Both compounds were identified 
by their melting points and their specific rotations. The 
~.lpha-sugar rave no depression of its melting point when 
mixed with Eastman methyl-alpha-D-gluco~yranoside. The alpha 
and beta ~lucosides showed no chloride with the silver ni-
trate test. 
The elementary analysis w::~.s correct for c7I-.13oL;D in the 
two cases. The isoto~1ic analysi:- fr21.ve G.oO'/c atom of deuterium 
for the ;Lli)ha-compound and LJ.95% for the beta, 1·;hich corre-
S)onds to 95 I 2% and 97 I 2'/o of de u t e r i un, at C-1 r e s p e c t i v e 1 y • 
(1) A.B. Foster and W.G. ~verend, U1em. ~In~., 500 (1955). 
II) Chlori•e water oxidatio•. 
A) Composition of chlori•e water. 
Whem chlori•e &as is bubbled through water, there are 
several reactions that take place; some very rapidly others 
slowly. The slow reactioas are called "decomposition of 
chloriae water~ 
1) Reactio•s of chloriae with water. 
The followi•c reactions are in rapid equilibrium: 
(i) Cl2 f H2o ~~ Cl- f HOCl 
(ii) C12 f Cl- Cl-3 
(iii) HOC! ~~ c1o-
The equilibrium coastaats for these reactioms are live• 
ia Table 2. 
The formatio• of trichloride io• is the explaaation for 
the iacrease in solubility of chloriae cas in water coatain-
1m~ sodiu• chloride. Sherrill and Izard (1) found that, at 
high sodium chloride co•centratioa, the solubility of chle-
riae decreases, iadicati•g that the salting-out effect pre-
domi•ates over the complex foraatio•. The existe•ce of this 
complex has bee• proved by spectroscopy (2). 
These three reactio•s have bee• studied kimetically. 
(1) M.S. Sherrill aDd E.F. Izard, J. Aa. Chem. Soc., 53, 
1667 (1931). 
(2) G. Zimmeraam and F.C. Stro•g, ibid, 79, 2063 (1957). 
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Table 2 
Thermodynamic equilibrium constants for hydrolysis of 
chlorine (Kh), trichloride formation (Kc1j) and dis-
sociation of hypochlorous acid (Kd). 
22 
Kh mole2 1:2 K aole 2 1:2 , effect of temp. 
dlef. 94· 





































-1 Kd mole 1. 
8 Kd x 10 Temperature Source 
3.0 25 1 
5.b 25 3 
5.6 25 7 
3.4 25 6 
1.82 0 6 
(1) N.V. Sidtwick, "The Chemical Ele11ents and their 
Compoullds~' Oxford Clarendo11. Press, 1950, pp. 1192, 1213. 
(2) J.W. Green, Advances in Carbohydrate Che•., l, 129 (1948). 
(3) G. Holst, Che•. Rev., 54, 185 (1954). 
(4) R.S. Halford, J. Am. Chem. Soc., o2, 3233 (1940). 
(5) G. ZimmermaD and F.C. Stro•c, ibid, 79, 20b3 (1957). 
(6) R.E. Con•ick, ibid, 69, 1509 (1947). 
(7) A. Skrabal and A. Ber&er, Monatsh, 70, 168 (1937); 
C.A., 31, 8292 (1937). 
(8) M.S. Sherrill and E.F. Izard, J. Am. Chem. Soc., 53, 
1667 (1931). 
(9) G.N. Lewis a:n.d M. RaJildall, "TheraodyBamics~' McGraw Hill 
Book Co., Inc., 1923, pp. 507-508. 
Sel04uskenkov and Shilov (1) f~u•d that the hydrolysis of 
chloriDe goes at rapid rate ill both directioas: 
Cl2 J H20 ' 
kl .. HOCl J w' J -k2 Cl 
They deterai•ed k2 by co•ductivity to be 105 at 00 a•d 
538 liter2 aole- 2 mim- 1 at 17.6°. 
The rate of formatio• of trichloride iom at 17° was 
determined by Halford (2) by isotopic exchange of chlorine 
with radioactive chloride. He found that kf = 4 x 105 liter 
1 -1 7 1 
mole- aim and kd = 4 x 10 min- : 
The reaction velocity for: 
~------ Cl- f HOCl 
was determined by Solodushenkov and Shilov (1). They report-
ed that this equilibriu• goes at a much faster rate thaa tre 
hydrolysis of chlorine water. 
The role of pH in reactio•s (i) and (iii) was studied 
by Rid~e and Little (3). They based their calculatio»s om 
Kh = 4.5 x lo-4 and Kd = 3.7 x lo- 8 , at 18-20°. From these 
values, it can be calculated that below pH 5 reactiom (i) 
23 
is important and above pH 5 reaction (iii) predominates. 
Table 3 represents their data for a solution .02 M im chlori-
de at 18-20°. 
(1) S.N. Solodushenkov and E.A. Shilov, j. Phys. Chem. (USSR), 
19, 405 (1945); c.A., 40, 1725 (1946). 
(2) R.S. Halford, J. Am. Chem. Soc., 62, 3233 (1940). 
(3) B.P. Rid~e and A.H. Little, J. Textile Inst., 33, T 33 
(1942); C.A., 37, 536 (1943). 
Table 3 
Composition of hypochlorite solutions at 
various acidities with .02 M chloride at ld-20°. 




























A plot of fractiom of total available chlori•e as 




mole • 0 
frac-
tion .• 4 
.2 
0 1 2 3 5 b 7 8 9 10 
pH 
2. Hypochlorous acid versus pH with .02 M chloride 
at 18-20°. 
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The formation of trichloride ioa is important at low 
pH, in which molecular chlorime concentration is hich: 
At very low pH in the absence of chloride ion there 
is another possible dissociation that must be coasiaered, 
that is: 
-c---- eloH21 1 H2o 
=---- e1l 1 H2o 
The foraation of chlorimium iom elf has been postulated by 
De la Mare, Huches and Vernon (1) in the mechaRisa of 
aroaatic halocenatio•. They assu.e the existence of the 
chloriDiWil ioll in solutiolls of low pH. De la Mare, Ketley 
and Vernon (2) postulated the formation of chlorinium ioB 
from hypochlorous acid in very diluted solutions of hypo-
chlorous acid in the prese•ce of perchloric acid and silver 
perchlorate. 
Chlorinium ion ca111. be ic•ored for oer pv.rpo2 eE"., ~ ince 
it has been postulated to exist only in very special condi-
tions(in order to explain certain aromatic halogenations). 
Kneller and Perlmutter-Hayman (3) found that positive bro-
25 
(1) P.B.D. De la Mare, B.D. Hu«hes and e.A. Vernon, Research, 
3, 192 (1950); e.K. In,old, "Structure and Mechanism ia 
or,anic Chemistry~' Cornell University Press, N.Y., 1953, 
pp. 292-29.(. 
(2) P.B.D. De la Mare, A.D. Ketley and e.A. Vernon, J. Chem. 
Soc., 1290 (195.(); e.G. Swain and A.D. Ketley, J. Am. 
Chern. Soc., 77, 3.(10 (1955). 
(3) Y. Knoller and B. Perlmutter-Hayman, ibid, 3212. 
mine cannot be the reactive species in the oxidation of 
oxalate. 
2) Decomposition of chlorine water. 
The reaction occurin' between molecular chlorine, 
hypochlorous acid and hypochlorite to give chlorine com-
pounds of lower oxidative power is called decomposition of 
chlorine water. The character of chlorine water is affected 
by: a) Li~ht, b) pH, chloride concentration and buffer com-
ponents, and c) Metals, as discussed below. 
a) Decomposition of chlorine water, effect of licht. 
In the presence of sunlight chlorine water decomposes 
appreciably, as follows: 
(iv) f If I Cl- f 1 Cl2 H20 2 2 02 2 
(v ) HOCl II f Cl- I 1 02 2 
(vi) c1o- Cl- I 1 02 2 
Reaction (iv) is the slowest, hypochlorous acid is 
decomposed at a faster rate and hypochlorite is attacked 
even more rapidly by visible li&ht (1). 
b) Decomposition of chlorine water, effect of pH, 
chloride concentration and buffer components. 
Hydrogen ion concentration has a marked effect in the 
decomposotion of chlorin~ water. This is obvious, since the 
26 
(1) j.W. Green, Advances in Carbohydrate Chern., 1, 129 (1948). 
species present in chlorine water are pH dependent (see p. 
Chlorine water is quite stable at low pH in the ab-
sence of light (1,2). At pH lower than 5, where there is 
an equilibrium mixture of molecular chlorine and hypo-
chlorous acid, reactions such as vii, viii and ix are very 
slow (3): 
( vii) 3 Cl2 ;. 3 H20 ~ HCl03 ;. 5 HCl 
(viii) HOCl ;. H2o2 ;. -r-m- Cl 
( ix ) HOCl ;. H2o H202 ;. HCl 
At pH close to neutral, chlorine water is very unsta-
ble. Reaction (x) occurs. 
( X ) 2 HOCl f c1o- c1o-3 f 2 HCl 
The rate constant for this reaction has been measured by 






k = • 56 liter2 mole- 2 hr- 1 at oo and pH o.5 (1) • 
k = 1.57 liter2 mole- 2 . -1 ID1n at 25° <•). 
k =32. 9 liter2 mole -2 min -1 at 25° and pH b.b8 (5). 
R.M. Chapin, ]. Am. Chem. Soc., 5o, 2211 (1934). 
M.H. Saxe, ~h.D. Dissertation, Boston University, 195•, 
p. 19. 
J. W. Mellor, "Inorganic and Theoretical Chemistry~' Vol. 
II, Loncmans, Green and Co., N.Y., 19•o, pp. 71-76. 
H. Taube, Record of Chemical Progress, 17, 25 (195o). 
A. Skrabal and A. Ber,er, Monatsh, 70, 168 (1937); 
C.A., 31, 8292 (1937). 
J.M. Gallart, Anales Soc. Espan. Fis. Quim., 31, 422 
(1933); C.A., 27, 4154 (1933). 
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It is important to notice that sodium hypochlorite 
is stable, but a solution of sodium hypochlorite and hypo-
chlorous acid is unstable (1). 
A locical explanation for these results, since a tri-
ple collision seems very improbable, was given by Chapin 
(2). He postulated the formation of chlorous ion which 
reacts very fast to give chlorate: 
( xi) HOCl I c1o- ClO-2 I HCl 
(xii) c1o-2 I ClO- ClO- I Cl -3 
The rate constant for reaction xi was found to be 1.3 
liter mole- 1 hr- 1 at pH b.5 and 37.5° (2). Chapin determin-
ed that reaction xi is important at pH b.5, less at pH 9.4, 
still less at pH 10.5 and unimportant at pH 13. 
At hich pH, where there is only hypochlorite, the 
followinc reactions occur: 
(xiii) 2 c1o- c1o; I Cl-
( xiv) ClO-2 I ClO- c1o-3 I Cl-
The rate conc:;t1:.nt~ for tl1e~e two .re8.c L.i.o11S were detentiaed 
by Forster and Dolch (1), they found for reaction xiii, 
k = .00010 liter mole- 1 hr- 1 at 25° and .0019 liter mole-1 
hr-1 at 50°, and for reaction xiv, k = .0035 liter mole- 1 
hr- 1 at 25° and .050 liter mole- 1 hr- 1 at 50°. 
(1) F. Forster and P. Dolch, z. Elektrochem., 23, 137 (1917); 
C.A., 11, 2865 (1917). 
(2) R.M. Chapin, J. Am. Chea. Soc., 5o, 2211 (193~). 
Buffer composition has a marked effect in chlorine 
water decomposition. Acetate, borate and carbonate notably 
accelerate reactions x, xi, xii, xiii, xiv (1). Reactions 
x, xi and xiii are accelerated by chloride ions (2). 
c) Decomposition of chlorine water, effect of metals. 
Reactions such as: 
;. 1 
"2" 
are catalyzed by metals. Taube (3) found that none of the 
oxy:en originates from hypochlorite ion. 
B) Stability of chlorine water. 
In the experiments performed in this work, chlorine 
water was very stable at various values of pH and at 25°, 
as rums 0-1, 0-2, 0-3 and 0-~ indicate (p. 202 ). A su•-







Stability of chlorine water. 
Run # Buffer TiMe Oxidant 
symbola days meq./g. 
Initial Final 
0-1 1 10 .020o .0183 
0-2 11 10 .0283 .02~8 
0-3 51 16 .0232 .olo-4 






a. See pp. lc2-l~3 for symbols used for the buffer solutions. 
(1) R.M. Chapin, j. Am. Chern. Soc., 5D, 2211 (1934). 
(2) J.M. A1mech y Inicuez, Rev.\}niv. Zaragoza, 193o, Jan-
Feb-March; C.A., 30, 6270 (193o); J.M. Gonzalez B., 
Anales Soc. Espan-.-Fis. Quim., 37, 123, 220 (1941); 
C.A., 3b, 2-467 (1942); J. Ibarz A. and J.V. Vinade, 
ibid, lBB, b53 (1952); C.A., 47, 3095 (1953). 
(3) H. Taube, Record of Chemical Pro,ress, 17, 25 (195o). 
The chlorine water was most unstable at pH 5 (run 
0-3), but the lon~est experiMent carried out at this acid-
ity lasted 12 hr (rum A-19, p. 230 ), and the concentration 
of chlorine water chanced only 29'7o durinc lo days. Thus the 
correction for decompositiom of oxidant in the worst of the 
cases (run A-19) is insignificant. 
It is assumed of course that the sucars have no cata-
lytic effect in the reactioas occuriac between species of 
chlorine water (decomposition of chlorine water). 
C) Effect of the differeat chemical species of chlorine 
water on the su&ars. 
The effect of the chemical species of chlorine water 




Effect of the chemical species of chlorine 
water on D-glucose and methyl-D-clucopyranosides. 
Species Effect 
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c1f It is not 1\nown. It was reported (1) that Dr/ can 
not be the reactive species in oxidation of oxalate. 
Probably inactive. Brj is inactive (2). 
It was found to be the oxidant at pH 2 (3). 
It was found to be the oxidant at neutral pH (-4,5). 




Oxidizes ~lucose to &luconic acid. It is inactive 
towards methyl-D-glucopyranosides (o,7). 
Inactive (o). 
Inactive (8). 
(1) Y. Knoller and B. Perlmutter-Hayman, J. Am. Chem. Soc., 
77, 3212 (1955). 
(2) H.S. Isbell and W. Pigman, J. Research Nat. Bur. 
Standards, 10, 337 (1933); B. Perlmutter-Hayman and A. 
Persky, J. Am. Chem. Soc., 82, 3809 (1960). 
(3) N.N. Lichtin and M.H. Saxe, ibid, 77, 1875 (1955). 
(-4) E.A. Shilov and A. Yasnikov, Ukrain. Khim. Zhur. (Kiev), 
18, 595 (1952); C.A., -49, 1574 (1955). 
(5) G.J. Grillo, Ph.D. Dissertation, Boston University, 1960. 
(6) A. Jeanes and H.S. Isbell, J. Research Nat. Bur. 
Standards, 27, 125 (19-41). 
(7) H.F. Launer andY. Tomimatsu, Anal. Chem., 2o, 382 
(1954); 31, 1385 (1959). 
(8) j.W. Green, Advances in Carbohydrate Chem., 3, 129 (1948). 
D) Selection of buffers. 
Buffer solutions were used because the composition 
of chlorine water is closely related to pH (pp. 23-25 ), 
and besides, acid is produced by chlorine oxidation of 
sugars (p. 47 ) • 
The selection of buffers is dependent on two factors: 
the pH desired, and the interaction of chlorine water or 
sugar with the buffer. 
It is important to choose a buffer that can cover the 
whole desired pH range. In this way there would be no dif-
ferent effects of buffers and the action of the chlorine 
water on the su~ars would be as independent of the buffer 
as possible. Phosphate buffers have these qualities (1). 
Phosphate buffer has no effect on the sugars (pp. 186-
190). The only suear affected was glucose at high pH, but 
this effect was unimportant for the kinetics of the oxida-
tion (run G-41, p. 218 ) • Phosphate buffer "per se" has 
little effect on the decomposition of chlorine water (2). 
It was decided to work at the following values of pH: 
1 M HCl04 chosen to study the effect of molecular 
chlorine and trichloride ion. 
1 chosen to compare with previous work (3). 
(1) M. Clark, "International Critical Tables~' Vol. I, McGraw 
Hill Book~ Co., N.Y. (1926), p. 81; H.T.S. Britton, 
"Hydrogen Ions~' 3rd. ed., Vol. I, Chapman & Hill Ltd., 
London (1942), pp. 306-307. 
(2) R.M. Chapin, J. 1\.m. Ches. Soc., 56, 2211 (1934). 
(3) M.H. Saxe, Ph.D. Dissertation, Boston University, 1954. 
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G.J. Grillo, Ph.D. Dissertation, Boston University, 1960. 
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5 chosen to study oxidation by hypochlorous acid. 
10 and 11 chosen to study the effect of hypochlorite 
ion and base catalysis. 
A constant ·quantity of sodium chloride was added to 
the buffers in order to keep the chloride concentration 
constant (pp. 1P1-1P3 ). Ionic strength was kept constant 
by the addition of inert sodium perchlorate (1). 
In all cases sodium salts were used because these 
salts are more soluble in water than the corresponding 
potassium salts, and it was desired to maintain standard 
conditions as far as possible. 
E) Conformation of the sucars in solution. 
1) Conformation of D-glucose. 
In solution D-glucose probably exists as a mixture of 
five different species in rapid equilibrium with each other: 
I 
., HO-¢-H I H-C-OH I H-<(-OH H-C-OH 
HO-<(-H 0 ~ HO-C-H 0 H-g-oH 1 H-<;=0 H-C-OH I H- -"'--~ H-<;:;-OH H-C CH20H ~ HO-G-H CH20H 
H-9-0H 
H-C-OH 
H-¢-oH 1 ~ CH20H ~ Ho-g-B H-C-OH H- -OH HO-¢-H 0 ,-- HO-C-H 0 I H-y ---..J H-q • 
H-C-Ol-1 H-C-OH 
CH20H CH20H 
(1) B. Perlmutter-Hayman and A. Persky, J. Am. Chern. Soc., 
82, 3809 (1960). 
The fact that D-glucose mutarotates is explained by 
this equilibrium. The two six member structures are the 
most important and the ratio of corresponding anomers de-
pends on the solvent and temperature. In water solution 
at 25° there is 35% of the alpha and o5% of the beta-form 
(1). 
Los, Simpson and Wiesner found polarographically that 
.003% of aqueous glucose is in the open aldehyde form at 
25° (2). There may be some five member ring structures in 
very small amount. 
Bromine oxidation of D-glucose (3) is the only exper-
imental evidence that ~lucose exists in solution mainly as 
a six member ri~g. Thus, bromine oxidation of D-glucose 
gives first gluconic-delta-lactone which later hydrolyzes 
and becomes in equilibrium with the gamma-lactone and the 
free acid form. 
It is interesting to note that hydroxy-aldehydes exist 
in solution as cyclic hemiacetals in equilibrium with their 
open chain structures (~), as shown in Table o. 
(1) 
(2) 
X-Ray studies of crystalline alpha-D-glucose (5) show 
Merck Index, Merck & Co., bth ed., 1952, p. ~b3. 
j.M. Los, L.B. Simpson and K. Wiesner, J. Am. Chern., 
Soc., 78, 156~ (1956). 
H.S. Isbell and w. Pigman, J. Research Nat. Bur. 
Standards, 10, 337 (1933). 
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(3) 
(-4) C.D. Hurd and w.H. Saunders, j. Am. Chern. Soc., 7~, 532~ 
(1952); H.C. Brown, J.H. Brewster and H. Shechte~ ibid, 
76, 467 (195~). 
(5) T.R. McDonald and C.A. Beevers, Acta Cryst., 5, 654 (1952). 
Table 6 
Hydroxy-aldehydes. 








that it exists as a six member-hemiacetal chair form. Stud-
ies of cuprara.monium complexes (1) support the argument that 
D-glucose has the Cl conformational assignment. According 
to Isbell and Tipson (2) alpha-D-glucose has the CA and 














Cl and lC refer to a chair conformation. Assignment Cl 
means that carbon six is equatorial. The axial equatorial 
arran~ements are completely reversed in the two series: 
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(1) R.E. Reeves, Advanced in Carbohydrate Chern., ~' 107 (1951). 
(2) H.S. Isbell and R.S. Tipson, J. Research Nat. Bur. 








In Isbell's designation, C describes the type of ring, in-
eluding Cl and lC, whilst A or E indicate whether the anom-
eric hydroxyl group is axial or equatorial. 
Another species that must be taken into consideration 
is the anion of D-glucose. The dissociation constant of 
D-g1ucose was measured by Thamsen using the glass electrode 
(1). He found pK values for D-glucose at 0° of 12.92 (K = 
13 0 -13 1.2 x 10- ) and at 18 of 12.•3 (K = 3.7 x 10 ). These 
acidic properties of D-g1ucose could be attributed to its 









Glycosides act as very weak acids (seep. 38 ), because 
they cannot form this enediol, this weak acidity might be 
(1) J. Thamsen, Acta Chern. Scand., .£, 270 (1952). 
(2) J.M. Sugihara, AdVances in Carbohydrate Chern., 8, 
1 (1953). 
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due to permanent polarization (1): 
The anion of D-glucose may not have the open chain 
enediol structure, bec~use the acidic properties of glucose 
are observed as soon as it dissolves in water (2), while 
enediol formation is a slow process. Perlmutter-Hayman and 
Persky (2) assume that the hydroxyl group at C-1 is the 
first one to dissociate. 
In acid and neutral solutions D-glucose is very stable 
(see pp. 106-1:='7). In basic medium glucose epimerizes to 
D-fructose aYJ.d D-mannose, this has been explained by the 
classical Lobry de Bruyn and Alberda van Ekenstein trans-
formation (1): 
~ H 
Qo (-) I 
H-c=o B(! H-c=n. . H-c-o., H-c-o, H-c-o .. , LH-C-OH 
. I I /H __, I ... H ~ If .. H <--+ II )·I ·~ I 
H-C-OH7 (-I:C-0 C=O C-q-> C-0 B·<:-J C=O 
I I I I I . I 
R R R R R R 






(1) J .M. Sugihara, Advances in Carbohydrate Chern., ~' 1 
(1953); J.C. Speck, ibid, 13, b3 (1958). 
(2) B. Perlmutter-Hayman and A. Persky, J. Am. Chern. Soc., 
82, 27b (1960). 
D-Glucose changes in optical rotation rather fast 
when dissolved in buffer of pH 10 and 11 (pp. L 6-188 ) • 
These chan,es in rotatory power, after mutarotation, are 
probably due to rearrangements of this type. 
2) Confor;1ntion of methyl-alpha and beta-D-gluco-
pyranoside. 
The study of cuprammonium complexes proved that these 
two sugars exist in solution in Cl conformation (1). Ac-
cording to Isbell and Tipson (2) the confor•ational assign-
ment is CA for the alpha and CE for the beta form: 
/lo H II ~ (;/~"~~ #o4~ ~vo 
H ~ 
Ho/,~fl• ~0 
~~ II 11 c~t C,.olt 
Methyl-alpha-0-glucopyranoside. II Methyl-beta-D-glucopyranoside. 
Both sugars are very stable at room temperature in 
acid and alkaline solutions (pp. li- q-190 ) • They act as 
very weak acids (3), the methyl-beta-D-glucopyranoside being 
the more acidic of the two: 
Kdiss alpha = 1.9<4 X 10-l.( 
10 -l-4 
at 18° 
l<ctiss beta - 2.b4 X 
-
In very alkaline medium the anions of these sugars must 




R.E. Reeves, Advances in Carbohydrate Chern., 6, 107 (1951). 
H.S. Isbell and R.S. Tipsom, j. Research Nat. Bur. 
Standards, b<4A, 171 (19b0). 
L. Michaelis, Ber., <4o, 3o83 (1913); C.A., 10, b93 (191<4). 
F) Interaction of the buffers with the sucars. 
The interaction of the buffers with the su:ars was 
investi:ated by observing the chan&e in optical rotation 
with time of solutions of carbohydrates in the buffers. 
Any change in rotation was interpreted as an interaction 
of buffers with the sugars, producin.g chan,es in configu-
ration of the sugars. The test was performed at room tem-
perature (ca. 30°) during 90 hr. 
1) Change in configuration. 
a) D-Glucose. 
Glucose was stable at acidic pH, but in alkaline pH 
its rotation changed with time (pp. lF6-lRP ) • This change 
in optical rotation was interpreted, after alpha-beta 
equilibration, as the Lobry de Bruyn and Alberda van £ken-
stein. transformation (1). Fortunately, this change did not 
affect the kinetics, because when glucose was oxidized in 
two parallel runs (run G-40 and G-~1, p. 221 ), one letting 
glucose stand for half an hour dissolved in the buffer be-
fore addition of chlorine water, and the other letting 
glucose stand for two hours dissolved in the buffer before 
oxidation, both runs had the same rate constants. 
(1) j.M. Sugihara, Advances in Carbohydrate Chem., 8, 1 
(1953). j.C. Speck, ibid, 13, o3 (1958). 
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D-Glucose solutions have a pH lower than those of 
methyl-D-glucopyranosides and lower than those of the 
buffer alone at all pHs, especially at alkaline pH (see 
Table 3o, p. lf5 ). This difference in pH may be attrib-
uted to formation of the anion of D-glucose (pp. 36-37 ). 
b) Methyl-alpha and beta-D-glucopyranoside. 
Both sugars were stable iri the buffers, even at high 
acidity, where the d~nger of hydrolysis, especially for 
methyl-bet~-D-glucopyranoside, was greater. 
2) Deuterium exchange. 
Because D-glucose-1-d ~nd it.s methyl-D-clncopyrano-
sides could exchange their deuterium with water, the lit-
erature was investigated. It was found that only the hy-
droxyl hydrogen of these sugars was exchanged with water, 
the other hydrogens remained untouched (1). 
In basic medium, where epimerization of D-glucose 
40 
takes place, Topper and Stetten (2) reported that D-glucose-
1-d did not lose its deuterium at pH lO.o during 8 days at 
35°. Sowden and Schaffer (3) investigated this reaction at 
25° with saturated Ca(OD) 2 during 21 days in heavy water, 
the recovered glucose (oo.5%) had little exchan,e (.13 atom 
of deuterium), whereas both fructose (28.o%) and mannose 
(1) A. Murray and D. Lloyd Williams, 110rganic Syntheses 
with Isotopes~· Vol. II, Inter science, N.Y., 195o, pp. 
1604-1606. 
(2) Y.J. Topper and D. Stetten, ]. Biol. Chem., 189, 191 
(1951). 
(3) J.C. Sowden and R. Schaffer, j. Am. Chern. Soc., 74, 505 
(1952). 
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(.8%) acquired 1.74 and 1.39 atom of deuterium respectively. 
We can conclude that, in the present work, where the 
extent of epimerization is small, isotopic composition of 
glucose is essentially unchanged. 
III) Method of analysis for chlorine water. 
A) Literature. 
There are several methods available for the determi-
nation of the different chemical species present in chlorine 
water. These methods are discussed briefly in the next 
paragraphs. 
1) Determination of chlorine and hypochlorous acid. 
Chlorine and hypochlorous acid are determined at the 
same time. There is no chemical method known that can be 
used to determine molecular chlorine independently from 
hypochlorous acid. These two species can be determined by: 
a) Pontius metliod, b) Arsenious oxide, and c) Iodometry. 
a) Pontius method~!) 
The chlorine water solution is titrated with iodide 
at pH 8 in presense of starch. The end point is indicated 
by the appearance of a blue color: 
(1) G. Charlot and D. Bezier, "Quantitative Inorganic 
Analysis~' J. Wiley, N.Y., 1957, pp. 385, 39o-399. 
3 Clo-1 I-
5 I- I IOj I 6 Hf 
~-~ IOj I 3 Cl-
3 I2 I 3 H20 
b) Arsenious oxide~l) 
The oxidation of an excess of arsenious oxide in 
neutral or alkaline solutions includes chlorine and hypo-
chlorites, the excess of arsenious oxide is oxidized with 
iodine: 
2 Cl2 I ~ Ho- 2 ClO- I 2 Cl- I 2 H2o 
2 HOC! I 2 HCOj 2 c1o- I 2 C02 I 2 H 0 2 
2 c1o- I As2o3 > As2o5 I 2 Cl-
As III I I2 Asv I 2 I-
The oxidation of arsenious oxide in strong hydrochloric 
acid includes hypochlorous, chlorous and chloric acids. 
(1 2) 
c) Iodometry. ' 
Iodide is added in excess and then diluted sulfuric 
or hydrochloric acid. The liberated iodine is titrated with 
thiosulfate, the analysis includes chlorine, llypochlorites 
and chlorites: 
Cl2 I 2 I- 7 I2 I 2 Cl-
c1o- I 2 I- I 2 w > I2 I Cl- I H20 
c1o-2 I .. I- I .. w 2 I2 I Cl- I 2 H2o 
I 2 I 2 s2o3 2 I- I = S40Li 
(1) R • .M. Chapin, J. Am. Chem. Soc., 5o, 2211 (1934). 
(2) G. Charlot Rnd D. Bezier, "Quantitative Inorganic 
Analysis~ J. Wiley, N.Y., 1957, pp. 385, 39o-399. 
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2) Determination of chlorites and chlorates. 
The reaction between sodium chlorite or sodium chlora-
te and sodium arsenite is quantitative in the presence of 
sodium bicarbonate and osmic acid as catalyst (1): 
As2o3 1 c1o; 
3 As2o3 I 2 ClOj 
As2o5 f Cl-
....._ _ , 3 As2o5 I 2 Cl-
It is also possible to determine chlorites by difference 
between the iodometric method and the Pontius method. 
3) Determination of chlorates. 
Chlorate ion can be determined by reduction of a sample 
with an excess of ferrous ions in 9-10 N sulfuric acid, and 
titrating the excess of ferrous ions with dichromate usinc 
diphenylamine sulfonic acid as indicator (2). 
4) Determination of chlorides. 
The method of Volhard or Mohr (2) can be used for the 
determination of chloride ions. 
B) Selection of the analytical method. 
In the kinetic experiments, it was necessary to deter-
mine small quantities of oxidant consumed by the sugar, for 
that purpose it was necessary to select a micro-analytical 
method for the analysis of chlorine water. 
(1) E.G. Brown, Analyt. Chim. Acta, 7, 494 (1952). 
(2) G. Charlot and D. Bezier, "Quantitative Inorganic 
Analysis~' J. Wiley, N.Y., 1957, pp. 385, 39b-399. 
In these experiments, chlorine water is rather stable 
(p. 29 ), and there were no complications or side reactions 
such as formation of chlorites or chlorates. The analysis 
for oxidant was based on two species: molecular chlorine 
and hypochlorite ion. There are three possible analytical 
methods for determining the oxidant: 1) Pontius method, 
2) Arsenious oxide, and 3) Iodometry. 
Pontius method involves the formation of iodate ion. 
This substance may be inactive towards the different su,ars, 
but the solution has to be alkaline (pH 8) and titrated 
with iodine. At this pH the sugars are oxidized at a fast 
rate by hypoiodites (1), for this reason the Pontius meth-
od is not useful. 
In the arsenious oxide method, it is necessary to back 
titrate the excess of arsenious oxide. This can be done 
using iodine or potassium iodate. It is well known that 
iodometry has only limited applications in microgram anal-
ysis because the volatility of iodine in a sample is accen-
tuated by the high surface to volume ratio when the sample 
is small. Kirk (2) recommended the use of potassium iodate 
as titrating agent rather than iodine, since potassium 
iodate can develop iodine "in situ". This is all right if 
(1) 0. Tbeander, Svensk Papperstidn, bl, 581 (1958); C.A., 
54, 2736 (1960); E.A. Shilov and A. Yasnikov, Ukrain. 
Khim. Zhur. (Kiev), 18, 595 (1952); C.A., 49, 1574 (1955). 
(2) P.L. Kirk, "Quantitative Ultramicroanalysis~' J. Wiley, 
N.Y., 1949, p. 127. 
no side reactions of iodate with reducing agent take place. 
The excess of arsenious oxide can be determined with 
potassium iodate according to the following reaction (1): 
3 As 111 I 103 I 6 w' ~ 3 As V I I I 3 H20 
The effect of iodate ion on sugars is not known, however. 
The iodometric method is probably the most attractive 
of the three, because the iodine formed can be titrated 
very accurately by means of thiosulfate. This is a well 
known method of analysis. The only problems that arise are: 
a) the volatility of the iodine, which can be eliminated 
through the formation of triiodide ion, using an excess of 
potassium iodide, and b) the oxidation of potassium iodide 
with oxygen from the air (2). This last difficul~was solv-
ed by titrating the iodine immediately after liberation (pp. 
193-194 ). The accuracy of the method would be limited to 
the preparation of thiosulfate. It is possible to prepare 
accurately known concentrations of thiosulfate down to .002 
N (2,3). 
It is important to realize that iodine is inert to 
sugars in acid solutions (4). 
(1) R. Belcher and C.L. Wilson, "New t.lethods in Analytical 
Chemistry~' Reinhold Publishing Co., N.Y., 19)5~ p. 17;~. 
(2) K.J.P. Orton, F.G. Soper and G. Williams, J. Che~. 
Soc., 998 (1928). 
(3) R.F. Milton and W.A. Waters, "Methods of Quantitative 
Micro Analysis~' E. Arnold, London, 1949, pp. 89-90. 
(-4) G.L. Miller and A.L. Burton, Anal. Chern., 31, 1790 
(1959); E.L. Hirst, L. Hough and J.K.N. Jones, ]. Chern. 
Soc., 928 (1949). 
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KINETIC DATA A::-JD MATHE~IATICAL ANALYSIS THEREOF 
I) Hydrolysis of chlorine. 
As indicated previously (pp. 21-25 ) chlorine hydro-
lyzes almost instantaneously. The following reactions take 
place: 
( .; \ Cl,""~ I IJ.,)O HOC! I II I Cl-_... I u 
""' 
(iii) HOC! c1o- f tl 
The first reaction is important in acidic solution and the 
second at alkaline pH (pp. 23-24 ). 
In reaction (i), the position of equilibrium is depend-
ent on both pH and chloride concentration, while reaction 
(iii) is dependent on pH only. Upon selection of the buffer, 
it is possible to choose any desired oxidant species at any 
one time. 
A) Acidic region. 
In acidic pH, two oxidizing agents can be present, i.e. 
molecular chlorine and hypochlorous acid. The sum of these 
two species is determined at the same time (pp. 41-42 ) and 
is called "activeu chlorine. These solutions were also buf-
fered for chloride, in order to assure a constant ratio 
(HOCl)/(Clz), because as an oxidation reaction proceeds, 






HOCl I Cl---~ I c=o I H2o f ri f 2 cl-
' 
Because both molecular chlorine and hypochlorous acid 
are determined at the same time, it is necessary to calcu-
late molecular chlorine independently from hypochlorous acid, 
if a proper chemical study is to be done. This is possible 
through the knowledge of two quantities: 1) the sum of 
chlorine and hypochlorous acid which is called "active" 
chlorine and is determined by analysis, and 2) the ratio 
(HOC1)/(Cl 2 ), which can be obtained from the thermodynamic 
equilibrium constant (Kh) for reaction (i): 
(xv) 
In order to simplify this expresE:"ion, three assumptions are 
made: 
a)J;rf:;~ is equal to one. This approximation was 
made by Lichtin and Saxe (1) for solutions of .3 molal 
ionic strength, and may not be true for solutions of 2 
molal ionic stren~th, however, it will be used because there 
are no other methods of handling the situation. 
(1) N.N. Lichtin and M.H. Saxe, J. Am. Chern. Soc., 77, 
1875 (1955). 
b) The activity coefficient of chloride ion was cal-
culated following the procedure used by Lichtin and Saxe 
(1). It involved the assumption that the activity coef-
ficients for isoelectronic ions is the same, thus£.=):;,_ • 
The value of /t for potassium chloride in 2.0 molal potas-
sium chloride at 25° is .58 (2). It is important to realize 
that£- can only be guessed in fairly concentrated solutions 
of mixed electrolytes, and that this value (.58) is only a 
severe approximation. 
c) The activity of hydrogen ion .;.~1 can be obtained 
through pH measurements. It is assumed that the liquid 
junction potential in sample solutions is identical with 
that in the standarizing buffer. If this is not true, the 
pH reading for the sample solution will include the differ-
ence between its liquid junction potential and that of the 
standarizing buffer (3). 
With these assumptionE"., the expression (xv) reduces 
to: 
R - (HOCl) where R: Kh : 3.35 x 10- 4 (Cl-)- (Cl2) J F pH 
lf+jlo- 10- x .58 
The constant Kh has a value 3.35 x 10- 4 mole 2 liter- 2 
(1) N.N. Lichtin and 1\l.I-l. Saxe, J. Am. Chern. Soc., 77, 
1875 (1955). 
(2) G.J. Grillo, Ph.D. Dissertation, Soston University, 
l9b0, p. 49. 
(3) H.A. Strobel, "Chemical Instrumentation~' Addison-
Wesley Publishing Co., Inc., Reading, Mass., 19o0, 
pp. 473-477. 
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ohtained by Zimmerman and Strong (1). 
The fraction of total oxidant present as molecular 
chlorine can be obtained from R and (Cl-) as follows: 
(xvi) (Cl-) = (Clz) = 1- p( (Clz) f (HOCl) . .. 
where oC refers to the fraction of total oxidant present as 
hypochlorous acid. 
In 1 M HCl04 , because the uncertainty of pH measurements 
(p. 1,c4 ) , the value of R was calculated from R = Kef (I-f), 
where Kc is the concentration equilibrium constant for reac-
tion (i) and (HI) the hydrogen ion concentration determined 
by titration with base (p. ): 
(xvii) K = (HOCl)(H/)(Cl-) : j;;" K 
c (Cl ) v .r .Y h 2 ;tlfoc/ ~1/f ,C/-
This expression is simplified assuming that ~~d = 1. The 
activity coefficient o4(!1o) has a value of .78 for 2.0 Vtolal 
potassi1rr: chloride and .01 molal hydrochloric acid at 25° 
(2). It is assumed that .I.! for 1 M o-1) is equal to that 
of .01 M (I/). This is a severe approximation, since values 
of ~ for 1 M (~) are not known for mixtures of perchloric 
acid, sodium perchlorate, sodium chloride and Evgar. It has 
been reported (3) that as the concentration of hydrochloric 
(1) G. Zimmerman and F.C. Strong, j. Am. Chern. Soc., 79, 
2063 (1957). --
(2) H.S. Harned and B.B. Owen, "The Physical Chemistry of 
Electrolytic Solutions~' 2nd ed., Reinhold Publishing 
Co. , N.Y. , 19 50 , p. 57 5. 
(3) Ref. 2, p. 457. 
acid decreases,~ approaches constancy, and there is a 
small variation of;; for 1 M (I-If') and .01 M (Hf') solu-
tions of ionic strength one in potassium chloride and 
hydrochloric acid: 
Kh = 3.35 x lo- 4: 5.51 x lo- 4 .: R-
(/.t)~C! ( • 78) 2 
In 1 M HC104 , the mole fraction of chlorine and 
trichloride ion can be related to the dissociation constant 
of trichloride ion (K3) and to the added chloride concentra-
tion (Cl-), thus: 
(xviii) K3 : (Cl2) ; (Cl-) 
K3 f (ci-) (ci2) f (Cl3) K3 f (cl-) 
(Clj) 
where K3 : (Cl-)(Cl2)/(Cl3) and (Cl2)>><HOC1). 
The constant K3 has a value of 5.681 mole liter-1 , 
obtained by Sherrill and Izard (1) and recalculated by 
Ziiilillerman and Strong (2). Because of the unavailability 
of /:;- , Sherrill and Izard assumed that/;;_.,-=);;~- , this 
assumption was used by Zimmerman and Strong for solutions 
of ionic strength one. This as~umption can be extended, as 
a rough approximation, to solutions of ionic strength two. 
The fraction of oxidant present as molecular chlorine, 
hypochlorous acid and trichloride ion, together with hypo-
chlorite ion, is given in Table 7. 
(1) M.S. Sherrill and E.F. Izard, J. Am. Chern. Soc., 53, 
1667 (1931). 
(2) G. Zimmerman and F.C. Strong, ibid, 79, 2063 (1957). 
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Table 7 
Fraction of oxidant for different buffer solutions. 
1 M HC10_. 
Buffer (sf)a (C1-) 
symbol mo1e/1. mole/1. 

















5.72 X 10-.( 
5.7o x 10 _ _. 
5.6o x 10_,. 
5.o5 x lo- 4 
5.oo x lo- 4 



































1.30 5.01 X 10-~ 
1. 32 .( • 79 X 10-
1.31 4.9o x 10-2 
4.96 1.01 x lo-5 
4.92 1.20 x lo-5 
.(.87 1.35 X 10- 5 
.(.87 1.35 X 10:~ 
5.04 9.12 X 10 6 5.02 9.55 X 10-
pH 10 































a. Calculated by titration as indicated 
b. Calculated in % from equation xvi. 
c. Calculated in % from equation xviii. 
d. Measured as indicated in pp. lf4-l 0 5 



























B) Alkaline region. 
In solutions at pH above 5, only equilibrium (iii) is 
important. The calculations for these species were carried 
out following the procedure reported by Ridge and Little 
(1), thus: 
(xix) pH = pKd f log cc1o-> (HOCl) 
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In which the junction potential has been neglected, and /:;01 ·-
has been taken equal to ~~a • 1be value Kct : 5.o x lo- 8 
mole liter-1 (pKd = 7.25) was taken from Holst (2). 
It was found that hypochlorous acid comprises .11% and 
.02% of total oxidant at pH 10.18 and 10.94 respectively. 
Solutions of glucose in pH 1, 5, 10 and 11 buffers 
were always more acidic than the corresponding solutions 
of buffer alone. In this case %Cl2, %HOC1 and %Clo- were 
calculated independently. The results are reported in 
Table 8. 
Table 8 

























a. Measured as indicated in pp. 1F4-185. 
b. Calculated in % from equation xvi. 
c. Calculated in % from equation xix. 
99.7 
99.9 
(1) B.P. Ridge and A.H. Little, J. Textile Inst., 33, T 
33 (19-42); C.A., 37, 53b (19-43). (2) G. Holst, Chern. Rev., 54, 185 (1954). 
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II) Kinetic methods. 
In order to simplify the kinetic studies, it was conven-
ient to fix the concentration of sugar to a constant known 
value, so large in relation to active chlorine concentration 
that it would be considered constant throughout a reaction, 
that is, the reactions were made pseudo-zero order in sugar. 
The experiments were performed at pH kept constant by 
means of phosphate buffers (pp. 32-33 ), and at acidic pH, 
buffered with respect to chloride also. By buffering hydrogen 
ion and chloride ion, a constant ratio (HOC1)/(Cl2 ) was as-
sured throughout a reaction. 
The ionic strength was maintained constant by addition 
of sodium perchlorate. Sodium perchlorate has been proved 
to be inactive as an oxidant (1) and as a catalyst (2). For 
acidic pH the ionic strength was 2 and for alkaline pH, be-
cause of solubility problems, the ionic strength W'tS 1. This 
ionic strength was chosen rather high, in order to permit 
variation of different parameters at const~nt ionic strength. 
The experiments were carried out at 25°. This tempera-
ture was chosen because most of the physical chemical con-
stants available to us are reported at 25°. Although a de-
crease in temperature form the previously reported aata at 
(1) j.W. Green, Advances in Carbohydrate Chern., 3, 129 (1948). 
(2) N.N. Lichtin and M.H. Saxe, J. Am. Chern. Soc., 77, 
1875 (1955). 
35.7° (1) to 25° made the oxidation of sugars slower, the 
rate of chlorine water decomposition ctecrea.sed by a larger 
amount, giving a net benefit for the kinetic experiments. 
Apparently the activation energy for chlorine decomposition 
is higher than for sugar oxidation. Lowering the temperature 
should also give a higher isotope effect (2). 
Because of the difficult handling of chlorine water, 
the experiments were controlled by weight instead of volume. 
Thus the rate constants are given in mole/kg. These can be 
converted into mole/liter by means of the density. In this 
way there was mo need for correction due to any change in 
volume on mixing chlorine water with the buffer solution. 
It was assumed that there was no change in volume during the 
reaction, and the density was determined at the end of each 
kinetic run. 
The oxidant concentration is reported in milliequiva-
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lent/gram (meqjg). It is possible to change from meqjg to 
mole/liter by dividing by 2 (2 equivalents = 1 mole) and. multiplying 
Dy the denEity of the solution. Initial oxidant concentra-
tion was determined by linear extrapolation of the corre-
sponding kinetic plot to zero time. 
(1) N.N. Lichtin and M.H. Saxe, J. Am. Chem. Soc., 77, 
1875 (1955). 
(2) K.B. Wiberg, Chem. Rev., 55, 713 (1955). 
The rate constants, pseudo-zero order in sugar were 
obtained by graphical method, as follows: 
Zero order rate constant was determined by plotting 
concentration of oxidant in meq/g versus time in seconds. 
The slope was divided by two, to convert equivalent/kg 
to mole/kg. Its units are mole kg-1 sec-1. 
Half order rate constant was obtained from a plot of 
the square root of oxidant concentration in meq/g versus 
time in seconds. The slope divided by {2: to convert equiv-
alents to moles and multiplied by 2 to account for the ki-
1 1 
netic expression gave the rate constant in mo1e2kg-2 sec-1. 
First order rate constant was determined from a plot 
of log (Ox) in meq/g versus time in seconds. The slope of 
the line was multiplied by -2.303. Its units are ~: ec- 1 .. _. . 
The variables to be tested were: A) Order in oxidant, 
B) Order in sugar, C) Buffer catalysis, D) Chloride effect, 
and E) Isotope effect, as explained below. 
A) Order in oxidant. 
The order in oxidant was determined by a graphical 
method, plotting different functions of the concentration 
against time. If a straight line is obtained when: 
l)(Ox) is plotted against time, the reaction is zero 
order, as in the case of methyl-alpha-D-glucopyranoside at 
pH 1 for high initial concentration of oxidant (Figures 7B 
and i=A,pp. 71-72 ). 
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2) ~(Ox) is plotted against time, the reaction is 
half order, as in the case of methyl-beta-D-glucopyrano-
side at pH 10 (run B-29, p. 227 ) and methy1-alpha-D-gluco-
pyranoside at pH 5 (runs A-15 to A-2~, p. 230 , and Figure 
lOA). 
3) Log (Ox) is plotted against time, the reaction is 
first order, as in the case of all kinetic experiments of 
D-glucose, methyl-beta-D-glucopyranoside in 1 M HClO~, and 
at pH 1, 5 and 11, as well as for methyl-a1pha-D-glucopyra-
noside in 1 M HClO~, and at pH 1 for low initial concentra-
tion of oxidant, pH 10 and 11. 
A good linearity was obtained in most experiments, 
making the use of the least square method unnecessary. 
The dependence on the initial concentration of active 
chlorine of the specific rate of a reaction indicated 
whether the reaction was of simple order. In this case, the 
rate constants of the reaction should not vary with a change 
of initial oxidant concentration, at constant hydrogen ion 
concentration, and at constant chloride ion concentration 
in acid solution. 
B) Order in sugar. 
The order in sugar was determined by pseudo-zero order 
studies (1). Thus if two reactions are carried out with the 
(1) M.H. Saxe, Ph.D. Dissertation, Boston University, 195~, 
p. 57. 
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same initial oxidant concentration but with different 
large sugar concentration, then 
n ki = k (sugar) 1 
n kz = k (sugar) 2 
where n is the order of the reaction in sugar, and k' is 
the pseudo-zero order rate constant. 
It follows that 
" l n = l(sugar) 1 (sugar) 2 / 
log ki 1 (sugar) 1 _: n o' . k2 (sugar) 2 ' n = 
log kf/kz 
log (sugar) 1/(sugar) 2 
C) Buffer catalysis. 
It was especially significant to test the previously 
observed generalized base catalysis (1), because Perlmutter-
Hayman and Persky (2) could not detect such a phenomenon in 
oxidations of D-e;lucose with bromine. The absence of gener-
alized acid catalysis has been demostrated (1). 
In the present work a positive buffer catalysis was 
found at pH 1 and 5. This effect can be attributed to H2Po4 
and HP04. 
(1) M.H. Saxe, Ph.D. Dissertation, Boston University, 1954, 
pp. ~2-54. 
G.J. Grillo, Ph.D. Dissertation, Boston University, 
1960, pp. 208-211. 
N.N. Lichtin and M.H. Saxe, J. Am. Chern. ~oc., 77, 
1875 (1955). 
(2) B. Perlmutter-Hayman and A. Persky, ibid, 82, 276 (1960). 
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It is possible to assign approximate catalytic ef-
fects to H2POi and HPO~ by considering the Bronsted catal-
ysis law (1): 
kc : GB ~ 
where kc is the catalytic rate constant, KB is the basic 
ionization constant, GB and x are constants characteristic 
of the reaction. Thus, the stronger the base, the higher 
the catalytic constant. 
The basic ionization constants for H2Po4 and HPO~ can 
be calculated using the relation 
KAKB : lo-14 
and the values for the first and second ionization constant 
for phosphoric acid, these are Kl : '7 x lo- 3 and K2 = 7 X 
10-8 (2). Thus for H2P04 KB is equal to 1.43 x lo- 12 and 
for HPO~ KB is equal to 1.43 X lo- 7 • 
At pH 1, where the concentration 
the catalytic effect may be attributed 
of HPo= is 4 
to H2Po;. 
very small, 
At pH 5, 
where both H2P04 and HP04 are present, the catalytic action 
may be attributed to HPo;. 
These views are buttressed by experiments reported by 




A.A. Frost and R.G. Pearson, "Kinetics and Mechanism~' 
]. Wiley, N.Y., 1953, pp. 210-214. 
I.M. Kolthoff and E.B. Sandell, "Textbook of Quantitative 
Inorganic Analysis~ The Macmillan Co., N.Y., 1948, p. 37. 
G.]. Grillo, Ph.D. Dissertation, Boston University, 
19oO, p. 161. 
ratio H2P04/HPO~ increased, at constant HP04, and the 
catalytic constant remained practically constant. 
The catalytic constant for H2P04 at pH 1 and for HPo: 
at pH 5 were evaluated following the procedure reported 
by Grillo (1) for oxidations of glucose. The observed rate 
constant is composed of the sum of the uncatalyzed reaction 
plus the catalyzed reaction times the concentration of the 
catalytic species: 
i 
k = k I < kc. (B1·) obs ox ~ 1 
where kobs refers to the observed rate constant, k0 x refers 
to the uncatalyzed reaction, kc· to the catalyzed reaction, 
l. 
and Bi to the catalytic species. 
For pH 1: 
kobs = k I kH pO- (H2P04) OX 2 ... 
and for pH 5: 
kobs = kox I kH.flo= 
4 
(HPO~) 
kH2P04 and kHP04 can be found from a plot of kobs 
versus (H2P04) and (HPO~) respectively. The straight line 
should have a slope equal to the catalytic constant, and 
intercept equal to k0 x (see pp. F2-89 ). k0 x represents the 
sum of rate constants due to uncatalyzed chlorine and hypo-
chlorous acid reactions, thus k0 x = (l-~)k~12 I (o<)k~OCl. 
(1) G.J. Grillo, Ph.D. Dissertation, Boston University, 
1960, p. 67. 
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If molecular chlorine is more reactive than hypochlorous 
acid, kg12 >>k~OCl' therefore k0 x = (1-/) kg12 • 
D) Chloride effect. 
It was interesting to study the effect of chloride 
ions in these oxidative reactions, and compare these results 
with previous work on chlorine (1) and bromine (2). It was 
also interesting to see whether trichloride ion was inactive 
towards oxidation, as is tribromide ion. 
Lichtin and Saxe (1) found in chlorine oxidations of 
D-glucose at pH 2 and 3, that chloride ion speedsup the 
reaction. Their explanation is that molecular chlorine is 
the active species in this oxidation, and that chloride ions 
shift the hydrolytic equilibrium to the lPft (p. 46 ), 
producing more molecular chlorine. 
If this oxidation i~ carried out at very low pH, in 
which there is practically no hypochlorous acid, the effect 
of trichloride ion can be detected by performing the oxida-
tions at several concentrations of added chloride. 
The fact that it was not necessary to buffer chloride 
ion in order to obtain first order kinetics in the oxidation 
(1) N.N. Lichtin and M.H. Saxe, J. Am. Chern. Soc., 77, 
1875 (1955). 
G.]. Grillo, Ph.D. Dissertation, Boston University, 19oO. 
(2) B. Perlmutter-Hayman and A. Persky, ]. Am. Chern. Soc., 
82, 27o and 3809 (1960). 
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of sugars in 1 M HCl04 , is an indication that at this pH 
most of the active chlorine exists as molecular chlorine, 
the pro~uction of chloride ions in these oxidations does 
not shift the hydrolytic equilibrium to the left and the 
reaction noes not speed up at the end of the oxidation, as 
happens at higher pH (1). 
Several experiments were carried out in 1 M HCl04 , 
changing the initial concentration of sodium chloride. A 
decrease in rate as the concentration of clcloride increased 
was observed. This could be attributed to a higher concen-
tration of trichloride ions. This effect was small, however. 
Another i;n_;;Jortant observation is that as chloride ions 
are produced in the oxidation of sugars, in 1 M HC104 with 
no added initial chloride, more trichloride is produced, 
but due to its low concentration, the reaction does not slow 
down. 
The mathematical treatment of the kinetic results in 
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1 M HClo4 , varying chloride concentration, was carried out 
the same as for the case of buffer catalysis, and a catalytic 
constant for chloride was determined. 
The increase in rate in oxidations at pH 5 for glucose, 
as the chloride concentration increased, is attributed to 
a higher concentration of molecular chlorine, a species 
(1) N.N. Lichtin and M.H. Saxe, j. Am. Chern. Soc., 77, 
1875 (1955). 
which is more reactive than hypochlorous acid (1). Thus, 
when the reaction was not buffered for chloride (run G-21, 
p. 219 ), the rate of oxidation increased at the end of the 
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reaction due to a higher concentration of molecular chlorine. 
The rate constants kc12 and kHOCl were calculated from two 
experiments at different concentrations of chloride, using 
the following equation: 
kobs = (1-c:X") kc12 I c< kHOCl 
In order to eliminate complications by order in sugar, 
pseudo order rate constants in sugar basis were used in 
this analysis, since concentration of sugar was constant. 
E) Isotope effect. 
The isotope effect is interesting in studying chlorine 
oxidation of sugars because it can indicate whether the 
site of attack is at C-1 in the rate determining step (2). 
This information is very important for any chemical inter-
pretation. Most of this research was devoted to obtaining 
the deuterio sugars labeled at C-1, and to determining the 
kinetic isotope effect. 
The isotope effect was studied by comparing the rates 
of reaction of the sugars with those of the deuteriated 
sugars, under identical conditions. 
(1) N.N. Lichtin and M.H. Saxe, J. Am. Chern. Soc., 77, 
1875 (1955). 
(2) F.H. Westheimer, Chern. Rev., ol, 2o5 (1901). 
KINETIC RESULTS 
The kinetic data were obtained as indicated in pp. 
194-197 • The source of information on which these results 
are based is given in Tables 44 to 49 (pp. 203-216) • hh~n 
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experiments were repeated, their rate constants agreed within 
I 3%. 
This section is divided in three parts: 
I) Kinetic data. In this part the kinetics is analyzed 
as indicated in pp. 46-62 • These results are given in Tables 
9 to 13, and a summary of Grillo's work (1) and reaction 
products in Tables 14, 18D, and 15. 
II) Analysis of rate data in terms of molecular species. 
Rate constants in terms of molecular species are given, and 
the observed kinetic orders are discussed. 
III) Mechanistic interpretation. The previous results 
are discussed in terms of detailed chemical models, relative 
rates and isotope effects. 
I) Kinetic data. 
The analysis of the kinetic experiments is given in 
five parts: A) Order in oxidant, B) Order in sugar, C) 8uf-
fer catalysis, D) Chloride effect,and E) Isotope effect. 
(1) G.j. Grillo, Ph.D. Dissertation, Boston University, 
19oo. 
A) Order in oxidant. 
Table 9 summarizes the order in oxidant determined 
graphically as indicated in pp. 55-56 . Figures 7 to 10 
exemplify typical reactions. 
B) Order in sugar. 
The order in sugar was determined as indicated in pp. 
56-57. Table 10 summarizes these results. 
Once the order in sugar was determined, the rate true 
constants (k) 'vere calcula te(1 by dividing the apparent rate 
constant (k') by the proper function of sugar concentration 
in mole/kg. A fair constancy was obtained in most of the 
cases. These results are indicated in Tables 44-49 (pp. 203-
216 ). In the cases in which the rate constants vary 
with (Ox) 0 , a linear equation was calculated from k' or k 
and (Ox) 0 using the least square method. These equations 
were used ~s basis for com~arisan with other experiments 






G-22, 23, 24, 
25,26. 
('.-40' 41' 42. 
Table 9 
Order in oxidant. 
pH Order Observations 
D-Glucose. 
1M HC104 1 Rate independent of (Ox) 0 • 1 1 Rate independent of (Ox) 0 • 
5 1 Rate increases vJhen (Ox) 0 
increases, as indicated in 
Figure 3. 
11 1 Rate independent of (Ox) 0 • 
Methyl-beta-D-glucopyranoside. 
B-1,~. 1M HCl04 1 
1 
Rate independent of (Ox) 0 . Rate decreases when (Ox) 0 increases, as indicated in 
Figure 4. 
B-7, 8, 9. 1 
B-12,13,14. 5 1 Rate decreases when (Ox) 0 increases, as indicated in 
Figure 5. 






1M HCl04 1 Rate independent of (Ox)8. 1 lb First order at (Ox) 0 = . 125 Ob and .0159 meq/g. Zero order 
65 
at (Ox) 0 :.0241 and .0378 meq/g. In zero order rate increases 




increases, as indicated in 
Figure 11. 
11 1 Rate decreases when (Ox) 
increases, as indicated ~n 
Figure 12. 
a. Equation k' : 4.39 x 
lated from runs A-10 
lo- 6 (Ox) f o.51 x 10-8 was ca1cu-
and 11. kq is given in n:.o1e kg-1 
sec-1. 
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Figure 3 . Pseudo first order rate constant versus 
initial oxidant concentration. D-Glucose. 
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Figure 4. Pseudo first order rate constant versus 
initial oxidant concentration. Methyl-
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Pseudo first order rate constant versus 
initial oxidant concentration. Methyl-

























x 10 meq/g 
5.0 
Figure 6 • Pseudo first order rate constant versus 
initial oxidant concentration. Methyl-
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7B . Oxidant versus time. Methyl~alp~a-D­
glucopyranoside. Ord~r ~n oxidant. pH 
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9B • Log (Ox) versus time . Methy1-a1pha-D-g1uco-
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Figure 11 . Pseudo half order rate constant versus 
initial oxidant concentration. Metby1-
a1ph•-D-g1ucopyranoside . O~der in oxi-
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Figure 12 • Pseudo first order rate constant versus 
initial oxidant concentration. Methyl-





















Order in sugar. 
pH 
D-Glucose. 





















1 M HCl04 .55 
1 M HCl04 .70 









• b9a, c 
a. These values were calculated from the slope of a plot of 
log k' vs. log (sugar) (see p. 57 )._ 3 b. C was calculated from k' = 1.95 x 10 (Ox) 0 f 2.55 x 10-4 
where (glucose) = .45o9 mole/kg. 
c1 was calculated from k' =-1.21xlo-
3 (0x) 0 f l.o7 x 10-4 
where (beta-glucoside) = .3995 mole/kg. 
c2 was calculated from k' =-8.78xlo- 4 (0x) 0 f 4.o2 x lo- 5 
where (beta-;::lvcoside) = .4224 mole/kg. 
c3 was calculated from k' = 1.13xlO-~(Ox) 0 f 1.25 x 10-o 
wfiere(alpha-glucoside) = .4223 mole/kg. 
c4 was calculated from k': -3.58xlo- 4 (0x) 0 f 2.66 x 10- 5 
where (alpha-glucoside) : .4429 mole/kg. 




















.2 .~ .o 
Log (sugar) mole/kg 
Figure 13 . Log k' versus log (~ugar). Methyl-alpha-
D-plucopyranoside. Order in sugar. 1 M 
HC!04. 
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C) Buffer catalysis. 
The catalytic effect of the buffer was tested at pH 
1, 5 and 11, in addition, one experiment was carried out 
for each sugar at pH .l-0, in order to test the catalytic 
effect of hydroxyl ions. This information was analyzed as 
indicated in pp. 57-60. Tables 11 summarize these results, 
and Figures 14-17 indicate the effect of buffer concen-
tr~tion on the reaction velocity. 
In the cases in which the rate constant changed with 
(Ox) 0 , the experimental k' was corrected and compared with 
rate constants at the same Cox) 0 • 
D) Chloride effect. 
The effect of chloride concentration was tested in 
1 M HCl04, and at pH 5 and 11. In 1 M HC104 and at pH 11 
there was no need to buffer chloride (see pp. 60-62 ), 
82 
while at pH 1 and 5 the solutions were buffered for chloride. 
In oxidations of glucose Saxe reported (1) that when 
the solutions were not buffered for chloride at pH 2, the 
reaction acceler~ted at the end due to the formation of 
molecular chlorine, which is more reactive than hypochlorous 
acid. Similar effect was observed at pE 5 in the present 
work, thus, when the solution was not buffered for chloride, 
(1) M.H. Saxe, Ph.D. Dissertation, Boston University, 1954. 












Buffer catalysis. D-Glucose. 
Buffer Buffer Buffera 



















































a. This refers to: NaH2Po4 for pH 1, and Na2HP04 for pH 5 
and 11. 
b. Refers to the experimental value. 
c. This was calculated from equation for order in oxidant: 
k' = 1.95 x lo-3 (Ox) 0 I 2.55 x lo- 4 , in this case (Ox) 0 = .0265 meq/&. d. In order to have a good comparison of the effect of buffer 
concentration, it was necessary to correct the experimen-
tal values 1-nd h:1.v2 them all at the same initial oxidant 
concentration, because the reaction rate increases with 
03 
'' 
an increase of initial concentration of oxidant. The ef-
fect of (Ox) 0 on the rate of reaction is known for buf-fer 100%, and the equation is given in c, it is assumed 
that the same effect is present at other buffer concen-
trations. Thus, k' for runs G-32 and G-33 were corrected 
to (Ox) 0 of .02o5 me~/g, a~ follows: run G-32, experimen-
tal kSO : 2.14 X 10-' sec- , Cjrried out at (0x) 0 : 
.0286 meq(i; k' = _;.95 7 1~- (.0286) I ~.55 x lo- 4 = , 
3:11 x ~or ~e~09; ~100jk5Q - (3.11/2.142 4- l.~l :(3.0?/k50 ) 
u k!Jo- 2.1...~; nm l.:r-33, R75 : 2.62 x 10 sec , carr1.ed 
out at (Ox) 0 = .0304 meq/g : kfoo/k75 :(3.14/2.62) = 1.20= (3.07/k75 ) .:. k7s = 2.5o. 








= 4.47 x lo- 4 x 1 1.9 x lo- 4 
' 2. 4 
2.2 1 
. .3 
(mole/kg) ' r 
+ i H 
Concentration of l~PO~ 
Figure 14 . Pseudo first order rate constant versus 
buffer concentration. D-Glucose. Buffer 
catalysis. pH 1. 
3.2 
2.8 
= 1.40 X 10- 3 X I 7.49 X lo- 5 
' 1.0 
1.2 
0 .05 .10 .15 .20 
Concentration of HP04 (mole/kg) 
Pseudo first order rate constant versus . 
buffer concentration. D-Gltcose. Buffer 
catalysis. pH 5. 
t 
Table llB 
Buffer C3.t .J .. lysi.s. Methyl-beta-D-glucopyranoside. 
Run # pH Buffer Buffer Buffer a (Ox) X 102 k' X 104 
symbol % cone. meqJg sec-1 
mole/kg 
B-10 1 13 50 .120 1.89 1.08b 
C~lc~ 1 11 100 .2-40 1.89 1.19c 
B-17 5 5-4 25 .040 2.66 .1)4b 
B-18 5 53 50 .080 (2.92) l.lOe 
CaleS' 5 51 100 .162 2.66 1.35d 
B-29 10 101 2.93 .84f 
B-26 11 112 75 .064 3.18 .16b 
Calc~ 11 111 100 .08o 3.18 .18g 
a. This refers to: NaH2P04 for pH 1, and Na2HP04 for pH 5 
and 11. 
b. Refers to the ex;>eri:ne'1tal value. 
c. This value was calculated from equation k' =-2.24-xlo- 3 
(Ox) 0 J 1.6lxlo-4, (Ox) 0 = .0189 meqjg. d. This was calculajed from equation f~r order in oxidant: 
k' = -1.21 x 10- (Ox) 0 f 1.67 x 10- , (Ox) 0 = .0266 
meq/g. 
e. This value was obtained as indicated in Table llA foot-
note d: kioo/k.So :(1.32/1.07) : 1.23 = (1.35/k!;o> c • .. 
k 5o : 1. 1n. 
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f. This reaction rate was obtained with initial rates as-
suming first order in oxidant. The reaction was actually 
half order in oxidant. 
g. This was calculated from equation: _ 



















= 4.00 X 10-4 X f 7.21 X lo- 5 
.05 .10 l .15 .20 
Concentration of HP04 (mole/kg) 
1 
Pseudo first order rate constant versus 
buffer concentration. ['.;ethyl-beta-D-
plucopyranoside. Buffer catalysis. pH 5. 
Table llC 
Buffer catalysis. Methyl-alpha-D-g1ucopyranoside. 
Buffer a (Ox) X 102 b k'cx Run # pH Buffer Buffer k' X 
symbol % cone. meqJg 10 4 104 
mole/kg sec- 1 
A-12 1 13 50 .134 2.77 .0015d .12 
calc~ 1 11 100 .241 2.77 .0018e .17f 
A-21 5 54 25 .040 2.38 .Ol8d .20 
A-22 5 53 50 .081 2.5.( .026h .28 
Calc~ 5 51 100 .164 2.38 .039g .42i 
A-34 10 101 2.54 .19 
A-31 11 112 75 .064 3.15 .15d 
Calcj 11 111 100 .08o 3.15 .loj 
a. This refers to: 
and 11. 
NaH2Po4 for pH 1, and Na2HP04 for pH 5 1 1 
b. The 1.mi ts of k' are mole kg- 1 sec- 1 for pH 1, 
sec- 1 for pH 5, and sec-1 for pH 10 and 11. 
mole2 kg-2 
c. These values were obtained from initial reaction rates, 
assuming first order in oxidant. These results are used 
for comparison with other sugars. 
d. Refers to the experimental value. 
e. This value was calculated from equation k' = 4.39 x 10-o 
(Ox) 0 J 6.51 x lo-8. 
f. Taken from runs A-10 and 11. See footnote c. 
g. This was calculated from equation for order in oxidant: 
k' = 1.134 x 10-~ (Ox) 0 J 1.247 x lo- 0 • 
h. ~is value was obtaine~ from k100 = .039, as_ calculated 1n g, and from the rat1o k100jR50 = 4.1/2.7- 1.5, for 
run A-22 (see Table llA footnote d). 
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i. Average value from runs A-15, lo and 18. See footnote c. 
j. This value was calculated from equation k' = - 3.53 x lo-4 

























Y = 1.074 x lo- 5 x f 1.177 x 10-o 
.05 .10 .15 .20 
Concentration of HP04 (mole/kg) 
17. Pseudo half J rder rate constant ver us 
buffer concentration. Methyl-alpha-Dr 
gluc9pyr1 nos 1de. 
1
suffer catalysis. pH 5. 
a plot of log (Ox) vs. time curved down towards the end, 
this is due to a higher rate of oxidation of glucose (run 
G-21, p. 219) due to a higher proportion of molecular 
chlorine at the end, because the hydrolytic equilibrium 
shifted to the left (pp. 46-47 ), proving that molecular 
chlorine is at least 100 times more reactive than hypo-
chlorous acid (see pp. 112-113 ). When the solutions were 
buffered for chloride, a good straight first order plot 
was obtained throughout 90% of the reaction and the rate 
of oxidation was faster the higher the concentration of 
chloride (runs G-34 and 35, p. 220 ). 
Methyl-D-glucopyranosides are oxidized by molecular 
chlorine and hypochlorous acid at about equal rates (see 
pp. 113-115 and Table 18D). 
The results are indicated in Tables 12 and Figure 18. 
E) Isotope effect. 
The isotope effect of the three sugars was determined 
in 1 M HClo4 and at pH 1, 5 and 11, as indicated in p. 62. 
The results are given in Tables 13. 
For purposes of comparison a summary of Grillo's work 
90 
(1) is given in Table 14, because the present work is a con-
tinuation of that of Grillo carried out in these Laboratories. 
(1) G.j. Grillo, Ph.D. Dissertation, Boston University, 19oO. 
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Table 12A 
Chloride effect. 0-Glucose. 
-) (Ox) 0 x 10 2 k' X 104 Run # pH (Cl 
mole/kg meq/g sec-1 
G- 6 1 M HCl04 .lo5 2.02 2.54 
G- 7 1 M HC104 .401 1.38 2.39 G- 8 1 M HCl04 .5o4 1.58 2. 30 
G- 9 1 M HCl04 .5c4 1.62 2.34 
G-10 1 M HC104 .804 1.41 2.28 
G-34 5 .082 2.03 2.52 
Calc~ 5 .1o4 2.05 2.95a 
G-35 5 .331 2.0o 3.2tJ 
Ave~ 11 18.5 b 
G-48 11 .173 3.25 17.9 
a. Calculated from equation k': 1.95xlo- 3 (0x) 0 I 2.55xlo- 4 . 
b. Average from runs G-40, 41 and 42. 
Table 12B 
Chloride effect. Methyl-beta-D-glucopyranoside. 
Run # pH (C1-) (Ox) 0 x 102 k' X 10 4 
mole/kg meqjg sec-1 
Ave~ 1 M HC104 .87a 
B- 5 1 M HCl04 .849 2.02 .86 
Ca1cl? 5 .lb2 2.72 1.34b 
B-19 5 .330 2.72 1.15 
Calc~ 11 3.29 .17c 
B-27 11 .172 3.29 .17 
a. Average from runs B-1 and B-2. 
b. Calculated from equation k' = -1.2lx10-~(0x) 0 II 1.67xlo-~. 
c. Calculated from equation k' = -8.78xl0- (Ox) 0 4.c2xlo- • 
~ 
t 
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Chloride concentration (mole/kg) 
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X f 2.60 X 
Pseudo first order rate con tant versus 
chloride concentration. D-Glucose. 
Chloride effect. 1 M l1Cl04 • I 
93 
Table 12C 
Chloride effect. Methyl-alpha-D-glucopyranoside. 
Run # pH (Cl-) (Ox) 0 x 102 k' X 104 a 
mole/kg meqjg 
A- 5 1 M HCl04 .401 1.81 .18 
A- 6 1 Iv: BCl04 .802 l.b8 .17 
Calc~ 5 .lo4 2.04 .042b 
A-23 5 .331 2.64 .044 
Calc~ 11 2.85 .17c 
A-32 11 .173 2.85 .14 
a. The ~nits ~f k' are sec- 1 for 1 M HC104 and pH 11, and 
mole2 kg- ~ sec-1 for pH 5. 
b. Calculated from equation k' = 1.134xlo- 4 iOx) 0 J 1.247xlo- 0 • 
c. Calculated from equation k' :-3.53 x 10- (Ox) 0 f 2.68xlo-5. 
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Table 13A 
Isotope effect. D-Glucose. 
a 
Run # Buffer Buffer (Cl-) (Ox) 0 k X 104 ki-/kn 
symbol (]/ rnole/1. meqjg Ia 
Ave~ 1 M HC104 1 5.72 
AveC: 1 M HCl04 1 2.0t* 2.78 
G-17 1 13 50 .2 5.43 2.13 
G-19 1 13 50 .2 2.55* 
Ave1 1 11 100 .2 b.94 2.23 
G-20 1 11 100 .2 3.11* 
Calc~ 5 54 25 .2 .0279 2.2be 1.42 
G-3b 5 54 25 .2 .0279 1.59* 
Calct; 5 53 50 .2 .03ov 4.07e 1.41 
G-37 5 53 50 ") .03t6 2.88* ...... 
Calc~ 5 52 75 .2 .0404 s.ooe 1.41 
G-38 5 52 75 .2 .0404 3.54* 
Calc: 5 51 100 .2 .04b0 b.18e 1.40 
G-39 5 51 100 .2 .04b0 4.42* 
Avef 11 111 100 56.05f 2.21 G-49 11 111 100 25.32* 
* 
This refers to experiments carried out with deuteriated 
glucose. 
a. Thj/~nits ~}4k are kg mole-1 sec- 1 
kg mole- sec-1 for pH 5, and 
f or/1 M liClO..t and pH 1, 
3 2 _3j z 1 kg mole sec- for 
pH 11. 
b. Average from runs G-1, 2 and 3. 
c. Average from runs G-11 and 12. 
ct. Average from runs G-13, 14 and 15. 
e. Thes: val:te~ we~3 ~alculated from 11 k100 as given by equation k100 - 3.33 x 10 (Lx) 0 I 4.G5xlo- ·, ~nd from the ratio k,oo/J\~.5= 2.47, kloo/k50 = 1.44, and kloo/k75 = 1.20, as 
calculated in Table llA footnote d. 
f. Average from runs G-40, 41 and 42. 
Table 13B 
Isotope effect. Methyl-beta-D-glucopyranoside. 
Buffer Buffer (Cl - ) (Ox) 0 k X 104a kH/kD Run # pH 
~.ymbol % mole/1. meq/g 
A vel? 1 M HCl04 1 2.10 1. 73 
B- 0 1 i'l HCl04 1 1.25* 
Calc~ 1 11 100 .2 .0138 3.42c 1.58 B-11 1 11 100 .2 .0138 2.1o* 
Calc~ 5 51 100 .2 .0239 2.74d 1.27 B-20 5 51 100 .2 .0239 2.15* 
Calc~ 11 111 100 .0307 .47e 1.24 
B-28 11 111 100 .0307 .3b* 
* This refers to experiments carried out with deuteriated 
sugar. _1 
a. The units of k are kg mole- 1 sec for 1 M HCl04, pH 1 
and_fH 11, while for pH 5 the units are kg3/4mole-3/4 
sec • 
b. Average from runs B-1 and 2. 
c. This value was calculated from eqvation: 
k = -o.78 x lo-3cox) 1 4.3o x 10- • 
d. This was calculated ~rom equation: 
k = -2.39 x 1o-3cox) 0 1 3.31 x 1o- 4 
e. Th.i.s ~\'1-S C'llculated from equation: 




Isotope effect. Methyl-alpha-D-glucopyranoside. 
Run # pH Buffer Buffer (Cl-) (Ox) 0 k' x 104a ktrfkn 
symbol 07 mole/1. meqjg /0 
Ave~ 1 M HCl04 1 .20b 
.95 A- 7 1 M HCl04 1 .21* 
Ave~ 1 11 100 .2 .23c 1.05 A-13 1 11 100 .2 .22* Calc~ 1 11 100 .2 .0252 .0018d 
A-14 1 11 100 ? .0252 
.0018* 1.00 ..... 
Calc; 5 51 100 .2 .0254 
.041e 1.03 A-24 5 51 100 .2 .0254 .040* 
Calef 11 111 100 .0298 .luf 1.05 A-33 11 111 100 .0298 .15* 
* This refers to experiments carried out with deuteriated 
sugar. 
a. The units of k' are sec- 1 for 1 M HC1o41 pH 1 runs A-8, 9 and 13, and for pH 11; mole kg-1 sec- for pH 1 run 
A-14, and mo1el/2 liter-1/2 sec-1 for pH 5. 
b. Average from runs A-1 and 2. 
c. Average from runs A-8 and 9. 
d. This was calculated from equation: 
k' = 4.39 x lo-6Cox) 0 f o.51 x lo- 8 • 
e. This value w~s calculated from equation: 
k' = 1.134 x lo-4cox) 0 f 1.247 x lo- 0 • f. This was calculated from equation: 5 k' - - 3.53 x 1o-4(0x) 0 f 2.68 x 10- • 
Table 14 
Summary of Grillo's work~ 
pH Order in oxidant Order in Buffer Chloride 
Order Observations sugar. catalysis effect 
D-Glucose. 
2.0 1 Rate independent 1 I I 
1 
of (Ox) 0 • II I 4.0 Rate increased when 1 (Ox) 0 increased. II b.O 1 Rate increased when .83 No effect (Ox) 0 increased. 
Methyl-beta-D-glucopyranoside. 
2.0 1 Rate independent 1.1 No effect I 
of (Ox) 0 • 4.o 1 Rate independent .84 I I 
of (Ox) 0 • 
o.5 1 Rate increased when .5b II (Ox) 0 increased. 
Nethyl-~lpha-D-glucopyranoside. 
2.0 0 Rate independent .3 & .5 No effect I 
of (Ox) 0 • 
4.0 0 Rate independent .o9 & 1.0 I I 
of (Ox) 0 • 
b.5 0 Rate increased when .97 & 1.3 I Not tested (Ox) 0 increased. 
a. G.J. Grillo, Ph.D. Dissertation, Boston University, 19oO. 
The following differences with the present work should be 
noticed: Grillo's work was carried out at 35.70 with 
ionic strength 1.8b, and the solutions were buffered 
with AcOH/AcONa for pH 4.o. 
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Table 15 




1 equiv. Ba(OH)z 
1 equiv. oxidant, 20 min. 
1.3 equiv. Ba(OH)2 
2 equiv. oxidant. 
3.5 equiv. Ba(OH)2 
3 equiv. oxidant, 540 min. 
4 equiv. oxidant. 
1 equiv. hypochlorite, 
3 hr, 15°. 
2.5 equiv. active chlorine, 
pH 4.5, 12-24 hr, 2oo. 
3 moles h6poch1orite, pH 11, 
20 hr, 25 • 
3 moles hypochlorite, pH 11, 
20 hr, 25°, then 1.4 moles 
hypochlorite, pH 5, 10 hr. 
Products 
87% gluconic acid. 
o8% 2-keto-gluconic 
acid. 
53% arabonic acid. 
2-keto-gluconic, 
saccharic, tartaric, 
acetic and formic 
acids. 
50% gluconic acid, 
some saccharic and 
oxalic acids. 
50% glucose, 1% 
arabinose, some 2-
keto-gluconic acid. 












Chlorine water, neutral pH. 2-keto-gluconic acid. 5 
3 Chlorine water, pH 4.5, 12-
?4 h 'JQO 
I.J - r' ~,...,~. • 
Chlorine gas passed through 





Table 15, Continued. 
Conditions Products Reference 
2-Keto-D-gluconic acid. 
Chlorine water, pH 4.5, 2 
days, 20°. 





Chlorine gas passed through 
water, 14 days, room temp. 
Chlorine water, pH 4.5, 12-
24 hr, 20°. 
Chlorine water, pH 2 to 
10, 17 hr, 30°. 








Acidic products: gluco- 7 
nic, erythronic and 
glyoxylic acids. 
Neutral products: arabi-




Chlorine gas passed through 
water, 32 days, room temp. 
o6% unreacted material, b 
and gluconic acid. 
(1) M. Honig and F. Tempus, Ber., 57B, 787 (1924); C.A., 
18, 2872 (1924). 
(2) S. Ochi, Proc. World Eng. Cong. Tokyo, 1929, 31, 537 
(1931); C.A., 25, 5147 (1931). 
(3) J.T. Henderson, J. Am. Chern. Soc., 79, 5304 (1957). 
(4) R.L. Whistler and R. Schweiger, ibid, 61, 5l9Cl (1959). 
(5) B.A. Shilov and A. Yasnikov, Ukrain. Khirn. Zhur. (Kiev), 
18, bll (1952); C.A., 49, 1574 (1955). 
(b) A. Dyfven'lctn, ':;. L:i.nc'berg and D. Wood, Acta Chern. Scand., 
.2_, 253 (1951). 
(7) 0. Theander, Svensk. Kern. Tidskr., 71, 1 (1959); C.A., 
11825 (1959). 
II) Analysis of rate data in terms of molecular 
species. 
This section is divided into six parts: A) Explana-
tion of kinetic orders, B) Buffer catalysis, C) Chloride 
effect, D) Isotope effect, E) Summary of rate constants, 
and F) Comparison of the results with previous work. 
A) Explanation of kinetic orders. 
The information on which this discussion is based is 
collected in Tables 9 and 10. The reactions that obey sim-
ple second order kinetics are oxidation of D-glucose and 
methyl-beta-D-glucopyranoside in 1 M HCl04, and of D-gluco-
se at pH 1. The kinetic expression is represented by equa-
tion xx. 
(xx) - d(Ox) : k (Ox) (sugar). 
dt 
Complex reactions occurred in the other oxidations, and 
tentative explanations are given below. 
1) Oxidation of D-glucose. 
a) Oxidation in 1 M HCl04 and at pH 1. 
Simple second order kinetics, as indicated in equation 
xx, was observed. 
b) Oxidation at pH 5. 
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The increase in rate with an increase in initial oxidant 
concentration might be the result of catalysis by hypochlo-
rite ion. Although hypochlorite ion exists in very small 
amount, its catalytic effect was estimated. The procedure 
reported by Grillo (1) was followed: 
= (Ox) 0 (1-J) where J = (HOC!) 
' (HOC!) f (Clo-) 
Since the fraction (1-J) = .0001 (see Table 8, p. 52 ) is 
constant throughout reaction, because (1/J) - 1 = antilog 
(pH - pKd) ~nd the pH was held constant by means of the 
buffer (see p. 52 ), the slope of the line in Figure 3(p. 
66) multiplied by 2 x 104 gives the catalytic constant 
kOx = 39 kg mole-1 sec- 1 • For purposes of comparison, this 
cia-
pseudo order rate constant in sugar was converted to a true 
rate const~nt by taking glucose = .457 mole/kg and density -
1.09 g/ml (averages from runs G-22 to 2b) and assuming the 
reaction to be first order in sugar, k~~o-= • 457 3~ (l.09)2 = 
71 liter2 mole-2 sec-1 . This value is higher than that cal-
culated by Grillo (1) for glucose at pH o and 35.7°. He 
f d kHOCl - 58 l"t 2 1 -2 -1 Th d" oun Clo-- • -1 er moe sec • e 1screpancy may 
be due to the presence of molecular chlorine at pH 5, which 
is more reactive than hypochlorous acid, and is ab~ent at 
pH 6. 
The fact that the order in sugar is lower th~n one can 
be explained through the following reactions: 
(1) G.J. Grillo, Ph.D. Dissertation, Boston University, 




s Ox 'rever:Hble SOx ~ Products 
In which S represents the sugar, Ox the oxidant and SOx 
a complex. This sugar oxidant complex may actua.lly be ROCl, 
formed from hypochlorous acid as follows: 
ROH f HOC! 
In which R represents the sugar skeleton. Primary and sec-
ond~ry alkyl hypochlorites are unstable and decompose to 
give aldehydes and ketones (1). It is important to recall 
that mole fraction of hypochlorous acid is maximum at pH 5 
(p. 24 ) • 
The rate of consumption of oxidant is: 
(xxi) 
- d(Ox) - k (SOx) ; 
dt 
. " (SOx) = Keq(S) (Ox) 
_ d(Ox) 
dt 
: k Keq(S)(Ox). 
(SOx) 
(S)(Ox) 
In the conditions of the 
experiment k Keq(S) : k'. 
An increase in (S) would increase k', but if a substan-
tial fraction of Ox is complexed at all concentrations of s, 
practically all Ox becomes complexed, equilibrium is shifted 
far to the right, and k' is no longer directly proportional 
to (S), since re~ction velocity depends on the complex SOx. 
This would give an order lower than one for S by the method 
used in p. 57. 
(1) C.G. Swain, R.A. Wiles and R.F.W. Bader, J .. ~. Chern. 
Soc., 83, 1945 (19ol). 
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c) Oxidation at pH 11. 
Oxidation of glucose at this pH follows first order in 
oxidant and 3/2 order in glucose. The 3/2 order in sugar may 
be the result of catalysis by glucose anion, since oxidation 
of glucose is catalyzed by a base (1), and due to its acidic 
nature glucose strongly reduces the pH of the buffer (pp. 1A4-
185 ). The following equations indicate the oxidation of 
glucose at this pH: 
GO- f w' ( (':r()-) (J:!~ GOH . Keq= 
' (GOB) 
GOH f Go- f Ox kl Products. 
GOH f Ho- f Ox k2 Products. 
In which GOH represents glucose and Go- represents its anion. 
The rate of disappearance of Ox is: 
(xxii) 
(Ho-)/Kw, gives: 
(xxiii) - d(Ox2 =( kl~q (GOH) 2 t k2 (GOH~ (Ox) (Ho-). dt 
This would give an order higher than one for glucose 
the method used in p. 57 . Also since as (GOB) increases 
(HO-) decreases, the apparent order in (GOH) can be quite 
complicated. This assumption is tested on p. 108. 




2) Oxidation of methyl-beta-D-glucopyranoside. 
Oxidation of this sugar in 1 M HC104 follows kinetic 
expression xx. At pH 1, 5 and 11 the reaction is first order 
in oxidant and the rate decreases as the initial oxidant con-
centration increases, the author is not able to explain this 
inverse dependence, although at pH 5 .this may be the result 
of a negative catalytic action of hypochlorite ion. The ca-
talytic constant for hypochlorite ion at pH 5 was calculated 
from the slope of the line in Figure 5 (p. 68 ) and from 
the mole fraction of hypochlorite given in Table 7 (p. 51 ), 
assuming .01% of hypochlorite, as for the case of glucose (p. 
101): kgfo- = (-1.21 x lo- 3)(2 x 10() = -24.2 kE mole-1 sec-1. 
Reactions at pH 1 and 11 are first order in sugar, while 
at pH 5 the order is less than one. The order in sugar at pH 
5 is the same as that of glucose at pH 5 (p. 80 ), this may 
be due to the formation of a complex SOx, as in the case of 
glucose (pp. 101-102}. 
At pH 10 the reaction becomes half order in oxidant, 
this is probably a mere coincidence, and the explanation 
is that the reaction is first order in oxidant but speeds 
up at the end, due to further oxidation of an intermediate 
by hypochlorous acid and, because hypochlorous acid exists 
in higher proportion at pH 10, this reaction is more impor-
tant at pH 10 than at pH 11. 
3) Oxidation of methyl-alpha-D-glucopyranoside. 
Chlorine oxidation of this sugar is very complex and 
the results are difficult to interpret. A tentative expla-
nation is given below. 
a) Oxidation in 1 M HC104 • 
The reaction is first order in oxidant and the order 
in sugar is less than one, as determined graphically (p. 
81). The explanation given for oxidation of glucose at pH 
5 (p. 102) fits these results. 
b) Oxidation at pH 1. 
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Oxidation at pH 1 is first order in oxidant at low con-
centration of oxidant, and zero order at high (Ox) 0 • These 
results can be accommodated by assuming two consecutive steps: 
(xxiv) M I Ox .,....---MOx 
(xxv) P1 I Ox 
Reaction xxi v involves a sugar complex (;40x) which ex-
ists in equilibrium (rapid and mobile) with oxidant (Ox) and 
sugar (M), this reaction (xxiv) occurs at low concentration 
of oxidant, similar to that of glucose at pH 5 (p.102 ). At 
high concentration of (Ox) 0 reaction xxv becomes important, 
and the rate expression is: 
(xxvi) - d(Ox) : k1 (MOx) I k2 (Pl)(Ox) dt 
- klKeq(M)(Ox) I k?(P1)(0x); (M) is so large 
that 1t remains practically con-
stant. 
2 
d (Ox) - klK (M) d(Ox) I k2P d(Ox) I k2(0x) dP dt2 - eq dt 1 dt ~ • () , 
dt 
Assuming a stady state approximation for P1 : dPlidt = 0 
0 = k1Keq(M) d(Ox) 1 k2 P1 d(Ox) dt dt 
= k1Keq(M) d(Ox) I k2 P1 d(Ox) 
Integrating from t = 0 to t and remembering that at t = 0 
(Ox) = (Ox) 0 and P1 = 0, then, 
0 = k1KeqCM)(Ox) - k1Keq(M)(Ox) 0 I k2 P1 (Ox) 
k2 P1 (Ox) = k1Keq(M)(Ox) 0 - k1Keq(M)(Ox) 
substituting this value into equation xxvi yields 
(xxvii) - d~~x) : klKeq(M)(Ox) 0 • 
The above treatment is similar to that given by Grillo 
(1). 
c) Oxidation at pH 5. 
Reaction at pH 5 is half order in oxidant and less than 
one for sugar (see Figure 9 , p. 74 ) . These resu1 ts can be 
accommodated assuming a reversibly complexing in which case 
order approaches zero as (M) increases, as fnr the ca~c of 
clucose 1.t pE 5 (pp. 101-10.2). This explanation is in agree-
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ment with stoichiometry data (2), which shows a maximum ratio 
(meq of oxid1.nt n=:acted/moles reductant reacted) at pH 4. o, 
an indication that more oxidant is consumed at this pH. The 
(1) G.J. Grillo, Ph.D. Dissertation, Boston UniverE.ity, 
1960, pp. 101-102. 
(2) Ref. 1, p. 179. 
increase in rate with an increase in (Ox) 0 may be the 
result of catalysis by hypochlorite ion, the catalytic 
constant was calculated from the slope of the line in 
Figure 11 (p. 78), as for the case of glucose (p. 101), 
k~~o- = (1.13 x lo- 4 )(2 x 104 ) = 2.2b kgl/2 mole-1/2 sec-1. 
d) Oxidation at pH 11. 
At this pH the reaction is first order in oxidant and 
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the order in sugar is less than one. The rate expression for 
this oxidation appears to be xxi. The author is not able to 
explain the decrease in rate with an increase in (Ox) 0 • 
B) Buffer catalysis. 
The catalytic effect of the buffer was studied as indi-
cated in pp. 57-60 , The following results are based on the 
data given in Tables 11. 
1) Oxidation of D-glucose. 
3.) Oxidation 1. t pE 1. 
Figure 14(p. 84 ) summarizes the effect of buffer con-
centration at pH 1, the intercept represents (l-t,~k~12 -
1.9 x 10-4 sec- 1 (seep. 59), because (1-o() = .95 (Table 
8, p. 52), kc12 = 2.00 x 10-
4 sec- 1 , this value is slightly 
lower than that found for glucose in 1 M HCl04 (k' = 2.b0 x 
10-4 sec- 1 , Figure 18 , p. 92 ) . This discrepancy can be 
due to a negative catalytic action of chloride ions at pH 1. 
The slope of Figure 14 represents the catalytic constant 
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Ox -4 -1 -1 kH2Po~ - 4.47 x 10 kg mole · sec • 
b) Oxidation at pH 5. 
Figure 15 (p. 85 ) shows the effect of buffer con-
centration at pH 5. The intercept represents kgx = 7.49 x 
lo- 5 sec-1 and the slope the catalytic constant k~~o= = l.4b 
4 
x 10- 3 kg mole-1 sec- 1 • The oxidation may be attributed to 
hypochlorous acid and molecular chlorine. 
c) Oxidation ~t pH 10 and 11. 
No effect was observed when the concentration of pH 11 
buffer was reduced from 100% to 75% (see Table llA, p. 83 ). 
Oxidation at pH 10 was slower than at pH 11, this ef-
feet is attributed to cataly~is by hoth ;;lvcose anion and 
hydroxyl ion, as indicated in p. 103 • .Sxpression xxiii 
is tested here, in which (GOH) remains practically constant 
throughout each run, using the dissociation constant (Keq) 
of glucose ,:~i ven by Thamsen (1), the measured pH, the con-
centration of glucose employed, and taking k1 = 69 x lo-
2 
and k2 = 8, both in liter
2 mole- 2 sec-1 : 
Keq/CW) = 3.7 x lo- 13; lo-P8 • The results arc given 
in Table lb. 
The catalytic constant for glucose r1io:1. k1 is smaller 
than tlnt for hydroxyl ion k2, in agreement with Brons ted 
(1) j. Thamsen, Acta Chern. Scand., ~' 270 (1952). 
catalytic law (p. 59). The lack of buffer catalysis at 
pH 11 may be the result of a dominant catalytic action by 
hydroxyl ion that overcomes the concentration of the buffer. 
Table lo 
Oxidation of D-glucose. Effect of glucose anion. 
Run # pH a (OH-)bxlo4 Glucose k' X 10 4 sec-1 Keql<f) 
X 10 mole/1. r.J.ole/1. ealc~ Experimental 
G-50 9.77 2.2 .59 .497 o.l 13.0d 
Ave~ 10.26 6.7 1.82 .495 18.5 18.6 
G-43 10.26 o.7 1.82 .104 2.0 1.9 
G-44 10.2o o.7 1.82 .254 o.7 o.4 
G-45 10.2c o.7 1.82 .721 34.4 34.5 
G-4o 10.26 o.7 1.82 .933 53.9 54.4 
a. pH measured as indicated in pp. 1.34-185. 
b. (HO-) : 10-(14-pH). 
c. Calculated from expression xxiii, p. 103. 
d. The calculated value is lower than the experimental, but 
it is important to recall that a small error in pH causes 
a large deviation ink'. 
e. Average from runs G-40, ·41 and 42. 
2) Oxidation of methyl-beta-D-glucopyranoside. 
The effect of buffer concentration for this sugar is 
given in Tab~ llB (p. 86 ) • 
a) Oxidation at pH 1. 
Equation k' = 9.17 x lo- 5 <HzP04) f 9.7 x 10-5 was 
calculated from the first two values in Table llB. The 
intercept represents (l-K1 kg12 = 9.7 x 10-
5 
sec- 1 , because 
(1-~) = .94 (Table 7, p. 51), k81 2 - 1.03 x lo- 4 sec-1 
' 
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this value is higher than that found for the beta-gluco-
side in 1M HCI04 (k' = .87 x 10-4 sec-1, p. 91), this 
may be due to cataly§is by chloride ions at pH 1. The 
slope represents the catalytic constant in kg mole-1 sec-1 • 
b) Oxidation at pH 5. 
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Figure 16(p. 87 ) represents the effect of (HPO~) on 
the rate constant. The intercept represents kgx- 7.21 x lo- 5 
sec-1 and the slope the catalytic constant k~~04 = 4.0 x lo- 4 
kg mole- 1 sec- 1 • The oxidation may be attributed to hypochlo-
rous acid and molecular chlorine. 
c) Oxidation at pH 10 and 11. 
Oxidation at pH 11 is catalyzed by the buffer. The equa-
tion k' = 9.1 x 10-5 (HPO() I 1.02 x lo- 5 was obtained from 
the two values for pH 11 given in Table liB. The intercept 
0 - -5 represents the uncatalyzed rate constant kox - 1.02 x 10 
sec-1 and the slope the catalytic constant k~~O~ = 9.1 x lo- 5 
kg mole- 1 sec-1 • 
Oxidation at pH 10 is half order in oxidant, and first 
order at pH 11, suggesting that two different reactions are 
being measured and making it very difficult to conclude any-
thing about catalysis by hydroxyl ions. 
3) Oxidation of methyl-alpha-D-glucopyranoside. 
The effect of buffer concentration on the reaction rate 
is given in Table llC (p. 88 ) • 
a) Oxidation at pH 1. 
The first two values in Table llC, columns five and 
seven, were used to calculate equation k' : 1.9 x 10- 7 
CH2POi) J 1.25 x lo- 7 • The slope represents the catalytic 
constant k~~PO~ = 1.9 x lo- 7 sec-1 , and the intercept, 
(1-o() kg12 = 1.25 x lo-
7
, because (1-P(i = .94 (Table 7, 
p. 51), kg1 = 1.3 x +o- 7 mole kg-1 sec-1. 2 
As basis of comparison with other sugars, equation 
k' = 4.7 x l0- 5 CH2POi) J 5.7 x 10- 0 was calculated from 
the first t\~O values in Table llC, using k' in sec- 1 cal-
culated from initial reaction rates. The slope represents 
the catalytic constant in kg mole- 1 sec-1 and the inter-
cept divided by .94 represents the uncatalyzed reaction 
k~12 = 6.1 x lo- 6 sec-1 • 
b) Oxidation at pH 5. 
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Figure 17 represents the effect of HPO~ concentration 
on the reaction rate, the intercept represents the uncatal-
yzed reaction k8x = 1.2 x 10-o mole 112 kg- 1/ 2 sec-1 , and 
the slope the catalytic constant k~~Oj = 1.7 x lo- 5 kg 1/ 2 
mole- 1/ 2 sec- 1 . 
Equation k' = 1.8 x l0- 4 (HPO~) J 1.3 x 10- 5 was cal-
culated from the data at pH 5 of Table llC, using k' in sec- 1 
(see Table llC, footnote h). The slope represents the cata-
lytic constant in kg mole-1 sec- 1 and the intercept the unca-
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talyzed reaction in sec-1. 
c) Oxidation at pH 10 and 11. 
There is no effect due to a change in buffer concen-
tration at pH 11. 
At pH 10 the reaction is faster than at pH 11. This 
indicates that hydroxyl ions have a negative catalytic ef-
fect. The catalytic constant was calculated by solving these 
two simultaneous equations: 
kobs = kox Ho- (HO-) ;. k8x 
1.9x lo-5 1.66 X lo- 4 kox ;. ko (for run A-34). - Ho-
- Ox 
l.b X 10-5 = 9.55 X lo- 4 kox Ho- I k8x (calc., Table llC). 
ko 





3. 75 x lo- 3 liter mole- 1 sec- 1 • HO- -
C) Chloride effec-t. 
The effect of chloride concentration was studied as 
indicated in pp. 60-62 • The following results are based 
on the data given in Tables 12. 
1) Oxidation of D-glucose. 
a) Oxidation in 1 M HC104 • 
Figure 18 (p. 92 ) summarizes the effect of chloride 
concentration. The reaction is retarded by chloride ions, 
o 2."'0 x lo- 4 sec-1 and the the intercept represents kcl = v 
2 
slope the catalytic constant kgi~ - - 4.52 x 10-5 kg mole-1 
sec- 1 • 
b) Oxidation at pH 5. 
The rate constants kc12 and kHOCl may be calculated 
from the data at pH 5 given in Table 12A (p. 91), and 
from (1-t.<') and /.given in Table 7 (p. 51): 
k 
obs = Cl- .....() kc12 I P( kHocl 
2.52 X lo-4 = kHOCl 
2. 95 X 10-4 = .001 kcl2 I .999 kHOCl 
3.2o x lo-4 = .oo1 kc12 1 .999 kHocl 
Thus, kHOCl = 2.52 x 10-4 sec- 1 , and the average value 
for kc12 = 5.9 x lo-
2 sec-1 • Due to the uncertainty in the 
fraction of molecular chlorine under these conditions, k 
C12 
cannot be calculated with accuracy. We can conclude that 
kc12 is about 100 times larger than kHOcl· 
c) Oxidation at pH 11. 
There is no detectable chloride effect at this pE. 
2) Oxidation of methyl-beta-D-glucopyranoside. 
Table 12B (p. 91 ) summarizes the effect of chloride 
ions in the oxidation of methyl-beta-D-glucopyranoside. 
a) Oxidation in 1 M HC104 • 
The first two values in Table 12B indicate practically 
no chloride effect. 
b) Oxidation at pH 5. 
As the chloride concentration increases from .lo2 to 
.330 mole/kg, the rate of reaction decreases by 14%. This 
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can be interpreted as molecular chlorine being less reac-
tive than hypochlorous acid. The values of kc12 and kHOCl 
can be calculated from the rate constants, as indicated for 
glucose (p. 113 ), but due to the small quantities and to 
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the errors involved in these calculations, it is not possible 
to arrive to exact values of kc12 and kHOCl· 
c) Oxidation at pH 11. 
There is no detectable chloride effect at this pH. 
3) Oxidation of methyl-alpha-D-glucopyr~noside. 
Table 12C (p. 93 ) summarizes the effect of chloride 
concentration in the oxidation of methyl-alpha-D-glucopyra-
noside. 
a) Oxidation in 1 M HCl04. 
There is no significant chloride effect at this acidity 
(see Table 12C). 
b) Oxidation at pH 5. 
As the chloride concentration increased from .lo4 to 
.331 mole/kg, the rate of the reaction increased 5%, this 
is, whithin experimental error, not significant. These re-
sults agree with Grillo's results (1). Grillo found that 
molecular chlorine and hypochlorous acid oxidize methyl-
(1) G.]. Grillo, Ph.D. Dissertation, Boston University, 
19 CJO, p. 10 o. 
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alpha-D-glucopyranoside at equal rates. 
c) Oxidation at pH 11. 
The rate of reaction decreased as the chloride con-
centration increased, the equation k' : -.12 x lo- 4 (cl-) 
I -.( 
r .17 x 10 was calculated from the data at pH 11 given 
. kox · · in T~ble 12C. The catalyt1c constant Cl- 1s g1ven by the 
slope,in kg mole-1 sec-1 and the uncatalyzed rate constant 
k8x by the intercept in sec-1. 
D) Isotope effect. 
The isotope effect was studied as indicated in p. 
The data in Tables 13 (pp. 94-96 ) summarizes this infor-
mation. The results can be accommodated by either of two 
explanations given below: 
1) We may consider 100% attack at C-1 as giving the 
highest isotope effect obtained in thi~ research (oxidation 
of D-glucose in 1M HClo,.), and interpret lower isoto!:)e ef-
fects as due to the attack of oxidant at other points of the 
molecule. This is valid if we assume that the bonding is the 
same in the activated complex for the different species in-
valved in the oxidation. Table 17 sum~arizes this effect. 
Product determination supports this hypothesis. 
2) An alternative approach to this problem is to con-
sider different bonding in the activated complex formed by 
the species involved in the oxidation. In this case, and as 
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a first approximation, we may consider 100% attack at C-1 
in every case for D-glucose. Following this approach, the 
difference in bonding in the activated complex is probably 
due to the buffer and not to molecular chlorine or hypochlo-
rous acid (which may form similar bonds), because the iso-
tope effect at pH 1 is too low compared to that in 1 M hCl04 • 
If the isotope effect at different pHs was due to different 
bonding of molecular chlorine and hypochlorous acid in the 
activated complex, the results at pH 1 should have been 
higher and similar to those found in 1 M HCl04 , because 
molecular chlorine is more reactive than hypochlorous acid 
and exists in high proportion at pH 1. 
Thus, as the buffer becomes more basic, the isotope 
effect decreases, being highest for perchlorate ions and 
lowest for HP04., this is because HP04 probably forms strong-
er bonds in the activated complex, lowering the isotope ef-
feet. 
Although effect of basic catalysis on isotope effect 
in oxidation has not been reported (1,2), Wiberg (3) point-
ed out, in isotope effect of neutralization of enol ions, 
the following: "It would be quite reasonable to expect the 
isotope effect to increase as the basicity of the anion 
(1) K.B. Wiberg, Chern. Rev., 55, 713 (1955). 
(2) F.H. Westheimer, ibid, ol, 2b5 (19bl). 
(3) Ref. 1, p. 723. 
decreases, but there are not sufficient data to indicate 
whether or not this is correct'.' 
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The results in Table 17 indicate the effect of the 
buffer in the isotope effect. The lower isotope effect for 
methyl-beta-D-glucopyranoside has been interpreted as due 
to the attack of oxidant at carbons other than C-1, assign-
ing 100% attack at C-1 to oxidation of D-glvcose. This may 
be valid if we assume that substitution of methyl for hydro-
gen in the hydroxyl group at C-1 has no electronic effect 
in the activated complex. The results for methyl-beta-D-
glucopyranoside at pH 11 were compared to those with gluco-
se at pH 5, because oxidation at pH 11 for D-glucose is af-
fected by rlucose anion (p. 108 ). 
An inspection of column 5 in Table 17, reveals that in 
oxidation of methyl-beta-D-glucopyrano5ide about half of the 
oxidant reacts at C-1. 
There was no isotope effect for methyl-alpha-D-§',lucopy-
ranoside. 
E) Summary of rate constants. 
Tables 18 summarize the rate const::Jnts of this work 
and Grillo's work (1), in terms of molecular species. 
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G refers to D-glucose, B to methyl-beta, and A to methyl-
~lpha-D-glucopyranoside. . 
%Attack (x) at C-1 wa<;;. ec•.lculated considering kHfkn = 
2.78 as 100%, i.e. for D-e1ucose at pH 1: 




- 2.18 as 100% attack at C-1, due to to kn/kn 





D-Glucose. Summary of rate constants. 
pH Symbol a Rate constantb Units 
1 M HCl04 kg12 2.0 X 10-
4 
-1 sec · 
kcl2 
-.45 X lo- 4 kg mole- 1 sec- 1 Cl- lo- 4 1 sec-l 
-.41 X liter r:1ole- L 
1 kg12 2.0 X 10-
4 
sec- 1 
kox 4.5 X 10-4 kg mole- 1 sec- 1 H2P04 3.9 X lo-4 liter mole-1 sec-1 
5 kC12(c) 5.9 X lo- 2 sec-1 
kHOCl(c) 2.5 X lo- 4 sec-1 
ko 7.5 X 10-5 sec- 1 Ox 
kox = 1.4b X lo- 3 kg mole- 1 sec- 1 
HP04 1.2o X lo-3 liter mole- 1 sec-1 
kox 3.9 X 10 kg mole- 1 sec-1 c1o- 3.b 10 liter mole-1 sec- 1 X 
11 kl (d) b.9 X 10-1 liter2 mole- 2 sec- 1 
(d) ') mole- 2 sec- 1 k2 8 liter,_. 
a. See glossary, p. 233. 
b. The rate constants are pseudo zero order in sugar, ex-
cept those given at pH 11. Rate conE t ;::mts in kg/mole 
were transformed in liter/mole by means of the density. 
c. These rate constants were determined at buffer 100% 
(NaH2P04fNa2HP04 = l.o00/.400), as indicated in Table 34 (p. 183 ) • 
d. k 1 represents the catalytic const~nt for glucose anion. 
k 2 represents the catalytic constant for hydroxyl ion. 
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Table 18B 
Methyl-beta-D-glucopyranoside. Summary of rate constants. 
pH Symbol a Rate constantb Units 
1 .M HC104 k812 .87 
-4 sec- 1 X 10 
1 kgl2 1.03 X lo- 4 sec- 1 
kox 9.2 X 10-5 kg mole- 1 sec-1 H po-2 4 8.8 X lo- 5 liter mole- 1 sec- 1 
5 kox 7.2 X 10 
-5 
sec- 1 
kox _ 4.0 X lo- 4 kg mole- 1 sic- 1 HP04 3.7 X 10-4 liter mole- sec-1 
Ox kP -1 sec-1 kclo- -2.-4 X 10 mole .._, 
mole-1 sec- 1 -2.2 X 10 liter 
11 ko Ox 1.02 X lo-
5 sec- 1 
kox _ 9.1 lo- 5 kg mole-1 "'"'C-l HPOLj X "-8.8 X lo- 5 liter rnole-1 sec-1 
a. See glossary, p. 233. 
b. The rate constants are ps,eudo zero order in ::;ugar. Rate 
constants in kg/mole were transformed in liter/mole by 
means of the density. 
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'fitble 18C 
Methyl-alpha-D-glucopyranoside. Summary of rate constants. 
pH SyPbol Rate constantb Units 
1 ~r. HC104 kg12 1.8 X 10-
5 sec-1 
•1 
1 k~l 1.3 X 10-7 mole kg- 1 sec- 1 G 2 1.4 X lo- 7 mole liter-1 sec-1 
o.l X lo-b c sec- 1 
Ox -7 sec- 1 kH po- 1.9 X 10 5 2 4 4.7 X 10- c kg mole- 1 src- 1 
4.2 x lo-5 c liter mole- sec-1 
1 1 
5 ko 1.2 X 10-b mole2 kg- 2 sec-1 
-1 Ox 1.3 X 10-b molel/2 liter-1/2 sec 
1.3 X lo- 5 c sec-1 
kox = 1.7 X lo- 5 kgl/2 ~~le-1/2 c-1 HP04 l.b X lo- 5 liter1 mole-li2 sec-1 
kg mole-1 slc-1 1.8 X lo-4 c 
1.7 X lo- 4 c liter mole- sec-1 
kox 2.3 kQl/2 le-1/2 c-1 c1o- 2.2 llter 1i~ mole- 1l2 sec-1 
11 ko Ox 1.2 X 
lo- 5 sec- 1 
Ox 
kHO- -3.75 X 10-
3 liter mole- 1 sec-1 
Ox 
-1.2 lo-5 kg mole- 1 sec- 1 kcl- X 
-1.2 X lo- 5 liter mole-1 sec-1 
a. See glossary, p. 233. 
h. The rate constant~ are pseudo zero order in sugar. Rate 
constants in kg/mole were transformed in liter/mole by 
means of the density. 
c. These values are expressed in terms of initial apparent 












pH 2 pH 4.6 pH 6 
2xlo-3 2xl0-~ 




Grillo's work. Rate constants~ 
Methyl-beta-glucoside 
pH 2 pH 4.6 pH 6 
4.4xlo-4 
Methyl-alpha-glucoside 






lxlo-4 3 xlo-5 2xlo-4 lxlo-4 
8 -l.t--2. xlO 
5xl0-5 
-4 4 1.4xl0 -5xlo-
-3xlo-4 -4xl0-4 2.3xlo-42.4xlo-4 2xl0-5 
a. See footnote Table 14A. The units of the rate constants are given in mole/liter 
sec-l: kCl2 and kHOCl liter mole-1 sec-1, all other constants in liter2 mole- 2 
sec-1 • TRese data 0 were' collected from Tables 88, 89, 90 and 91 of G.J. Grillo, 




F) Comparison of the results with previous work. 
We should remember in the present discussion that 
previous work on oxidation of gluco~e (1,2) and its methyl 
glucopyranosides (2) was carried out at 35.7°, and that 
reactions were performed at slightly different pH, with 
ionic strength held constant ~t 1.8o (2). Oxidations at 
pH 4.o were buffered by AcOH/AcONa. Tables 14 and 18D sum-
marize Grillo's work on these sugars (2). 
1) Oxidation of D-glucose. 
The present results on oxidation of D-glucose agree 
with previous work i:1 every res;_)ect. The reaction is first 
order in oxidant and independent of initial concentration 
of oxidant in 1 M HCl04 and at pH 1 and the order in gluco-
se is one. The reaction is catalyzed by the buffer at pH 1, 
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and ~s chloride concentration increases at this pH the reac-
tion velocity also increases. Similar behavior was reported 
at pH 2 (1,2). 
The oxidation at pH 5 is first order in oxidant and 
the rate increases as the initial oxid;ult concentr~tion 
increases, the order in sugar is .8, and higher catalytic 
action by the buffer is observed. The reaction speeds up as 
the chloride concentration increases. Similar results were 
(1) M.H. Saxe, Ph.D. Dissertation, Boston University, 1954. 
(2) G.J. Grillo, Ph.D. Dissertation, Boston University, 19oO. 
reported by Grillo (1) for oxidation of glucose at pH 4.o 
and 6. 
2) Oxidation of methyl-beta-D-glucopyranoside. 
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There are many discrepancies between this 'lTHi previous 
work. This is perhaps due to the complexity of this oxida-
tion, so that even on slight variation of pH the order vari-
es (pH 10 and 11). Probably at different temperature the 
reaction also changes. 
In the present work it is observed that oxidation of the 
methyl-beta-sugar is first order in oxidant and the rate of 
oxidation is independent of initial concentration of oxidant 
in 1 M HCl04. The rate decreases as the initial concentration 
of oxidant increases for all other values of pH, except for 
pH 10 in which the reaction is half order in oxidant. This 
is not in agreement with the reported work at pH 2, 4.u and 
6.5 (see Table 14 , p. 97 ). The order in sugar is one in 
1 M HClo4 and at pH 1, and .8 for pH 5, similar results were 
reported for pH 2 and 4.6 respectively (see Table 14 ). eata-
lytic effect by the buffer is observed at pH 1 and 5, while 
Grillo reported no effect at pH 2 and a positive effect at 
pH 4.6 and 6.5. When the chloride concentration increases, 
there is an increase in rate at pH 1 and a decrease in rate 
(1) G.]. Grillo, Ph.D. Dissertation, Boston University, 19DO. 
at pH 5, similar results are reported by Grillo at pH 2 
and 6.5. 
3) Oxidation of methyl-alpha-D-glucopyranoside. 
The present results are not in complete agreement with 
previous work, 1.s for the beta isomer. 
The oxidation of methyl-alpha-D-glucopyranoside is 
first order in oxidant in 1 M HClo4 , and independent of 
initial concentration of oxidant. The reaction is first 
order in oxidant at low and zero order at high initial 
concentration of oxidant at pH 1. In the zero order range 
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the rate increases as the initial oxidant concentration in-
creases. Oxidation at pH 5 is half order in oxidant and the 
rate increases as the initial oxidant concentration increases. 
Grillo reported zero order in oxidant for this sugar at pH 2, 
4.o and 6.5. The rate increased as th~ initial oxidant con-
centration increased for pH 6.5, and independent of oxidant 
concentration for pH 2 and 4.6. 
The order in sugar is variable at all pHs, Grillo found 
the same results. 
A catalytic effect by the buffer is observed at pH 1 
and 5, while Grillo reported no effect at pH 2 and a posi-
tive effect at pH 4.6 and o.5. The oxidation is faster as the 
initial concentration of chloride increases, Grillo observed 
the same behavior for pH 2 and 4.6. 
126 
4) Comparison of rate constants in terms of molecular 
species. 
An inspection of Tables 18 (pp. 119-122 ), reveals that 
the rate constants reported by Grillo are higher than those 
found in the present work. This is expected because of the 
temperature difference. It is not possible to estimate the 
heat of activation from this information, because the oxida-
tions were not performed under the same condition~. 
III) Mechanistic interpretation*. 
Oxidation of D-glucose and methyl-D-glucopyranosides is 
complicated, not only because several oxidizing species are 
present, but also because several species catalyze the oxida-
tion, and because of the mobility of the sugar substrate. All 
of these factors should be considered for any mechanistic dis-
cussion. Thus, hypochlorite ion could act as oxidant or as 
catalyst in these re~ctions. 
Another factor that increases the complexity in these 
oxid~tions is that the sugar products are not well known. The 
attack of oxidant appears to be at different points of the 
molecule, and in most of these oxidations two or three reac-
tions take place simultaneously. However, some conclusions 
may be dr~wn as to the mode of attack of chlorine water on 
D-glucose and the methyl-D-glucopyranosides. 
*· Projection formulas of sugars are given in appendix,p. 200. 
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The mechanisms of oxidation of sugars by chlorine \Vat2.r 
are similar to bromine water as far as molecular halogen 
(active) and trihalogen ion (inactive) are concerned (1). 
The basic difference between these two oxidants consists in 
the hypoacids, thus, while hypobromous acid is inactive (1), 
hypochlorous acid appears to be active (2). 
The oxidation of hypochlorous acid seems to be cat:Llyzed 
by b::tses, thus while Lichtin and Saxe published that oxida-
tion of glucose by aqueous chlorine solutions is catalyzed by 
the buffer (3), Perlmutter-Hayman and Persky reported that 
oxidation of glucose by bromine was not subjected to buffer 
catalysis (4). This difference may exists because hypochlo-
rous acid is much more reactive than hypobromous acid. 
Oxidation of glucose will be discussed separately from 
rnethyl-D-glucopyranosides. 
A) Oxidation of D-glucose. 
Oxidation of glucose foll0ws second order kinetics in 
1 M HCl04 and at pH 1, as indicated in equation xx (p. 100). 
At these acidities there is mainly molecular chlorine, which 
behaves similar to bromine (3). Barker et. al. (5) found that 
(1) J.W. Green, Advances in Carbohydrate Chern., l, 129 (1948). 
(2) E.A. Shilov and A. Yasnikov, Ukrain. Khim. Zhur. (Kiev), 
18, 611 (1952); C.A., 49, 1574 (1955). G.J. Grillo, Ph.D. 
Dissertation, Bo~ton University, 1960. 
(3) N.N. Lichtin and M.H. Saxe,]. Am. Chern. Soc., 77, 
1875 (1955). 
(4) B. Perlmutter-Hayman and A. Persky, ibid, 82, 27o (1960). 
(5) I.R.L. Barker, W.G. Overend and c.w. Rees, Chern. & Ind., 
1297 (19oO). 
beta-glucose is the active sugar species in bromine oxida-
tion of glucose, while the alpha-anomer is inactive. These 
theories suggest that the active reductant is beta-glucose 
in chlorine oxidation also, and the specific rate constant 
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for this sugar should be calculated dividing the second order 
rate constant in xx by .65 (p. 34 ). Isbell and Pigman (1) 
reported that bromine oxidation of glucose gives D-gluconic-
delta-lactone, which later hydrolyzes to gluconic acid, per-
haps the same occurs in chlorine oxidation (see Table 15, p. 
98 ) • 
The kinetic isotope effect for the oxidation of glucose 
with chlorine in 1 M HCl04 was the highest observed in this 
research, '"'hith a ratio kJikn = 2.78 ~ .1. This result is 
very similar to that obtained by Swain et al. (2) in the 
oxidation of 2-propanol with bromine at pH 1-3 maintained 
with .1 M HCl04. They found this reaction to be first order 
in both bromine and 2-propanol, the ratio kH/kn was 2.94. 
Their results agree with hydride transfer from the carbon, 
because the ratio k~kD was not influenced by electron-at-
tracting substituents. A comparison of Swain's work with the 
results of this research indicate that chlorine oxidation is 
also a hydride transfer from the carbon. The activated complex 
(l)H.S. Isbell and W. Pigman, J. Research Natl. Bur. 
Standards, 10, 337 (1933). 
(2)C.G. Swain, R.A. Wiles and R.F.H. Bader, J. Am. Chern. 
Soc., 83, 1945 (1961). 
is indicated below: 
A possibility of hydride abstraction by a negative 
group may be possible, but not probable, just as reaction 
between two like-charged ions is considered rather unlike-
ly (1). Transfer of a proton from carbon to a base with si-
multaneous removal of electrons, or proton removal from the 
hydroxyl group at C-1 by halogen is excluded, because the 
isotope effect would be influenced by electron-attracting 
substituents, and this is contrary to Swain's observations 
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(2). Swain et. al. report that electron-attracting groups 
increase kBfko in proton transfer reactions, but this ratio 
is less sensitive to substituents for hydride transfers. Pi-
nally, abstraction of a hydrogen atom can be neglected, be-
cause homolytic reactions are initiated thermally, photo-
chemically or by reagents contained unpaired electrons. None 
of these has been observed in oxidations of carbohydrates by 
aqueous halogens (3). 
(1) A.A. Frost and R.G. Pearson, "Kinetics and Mechanism~' 
]. Wiley, N.Y., 1953, pp. 130-135. 
(2) C.G. Swain, R.A. Wiles and R.F.W. Bader, J. Am. Chern. 
Soc., 83, 1945 (19ol). 
(3) J.W. Green in "The Carbohydrates" (W. Pigman editor), 
Acad. Press Inc., N.Y., 1957, pp. 299-3oo. 
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At pH 5 the reaction is complex, this is explained by 
a reversible equilibrium between sugar and oxidant preced-
ing an irreversible process to give the products (pp. 100-
102). Examination of reaction products (Table 15, p. 9t~ ) , 
indicate that glucose is oxidized to gluconic-delta-lactone, 
which is further oxidized to 2-keto-D-gluconic acid. It is 
interesting to notice that at this pH oxidation of gluconic 
acid takes place (1,2), and that the delta-lactone is oxi-
dized at a faster rate (2). Shilov and Yasnikov (1) and !at-
ter Grillo (2) found that hypochlorous acid is more effective 
than molecular chlorine in oxidation of gluconic acid. 
D-Gluconic acid is oxidized to 2-keto-D-gluconic acid 
(1,3) and not to 5-keto-D-gluconic acid (~), because D-ara-
binose can be prepared by oxidation of D-gluconic acid at 
pH 5 (5) probably through 2-keto-D-gluconic acid. 
Oxidation of D-gluconic-delta-lactone is complex and 
probably other reactions take place, perhaps hydrolysis of 
delta-lactone to gluconic acid and formation of gamma-lacto-
ne (o), as well as oxidation of these three sugars at dif-
ferent rates, making very difficult the interpretation of 
(1) E.A. Shilov and A. Yasnikov, Ukrain. Khim. Zhur. (Kiev), 
18, bll (1952); C.A., ~9, 157~ (1955). 
(2) G.J. Grillo, Ph.D. Dissertation, Boston University, 
1960, pp. 8o-101. 
(3) J.T. Henderson, J. Am. Chern. Soc., 79, 5304 (1957). 
(4) A. Dyfverman, B. Lindberg and D. Wood, Acta Chern. Scand., 
~' 253 (1951). 
(5) R.L. Whistler and R. Schweiger, ]. Am. Chern. Soc.,~' 
5190 (1959). 
(b) D.T. Sawyer and J.B. Bagger, ibid, 5302. 
the results (1). 
The lowest isotope effect for D-glucose occurs at pH 
5. An explanation for these results is than HPO~ forms a 
stronger bonding between sugar and oxidant in the activated 
complex (pp. 115-117 ). A better approach to this problem 
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is to consider attack of oxidant at other points of the mol-
ecule (p. 115 ), thus D-glucose is probably oxidized in two 
parallel slow reactions to give 2-keto-D-glucose and gluco-
nic-D-lactone, and both products are oxidized very fast to 
2-keto-D-gluconic acid, 2-keto-D-glucose is not isolated be-
cause of its high reactivity. The fact that 2-keto-D-galac-
tose reacts faster than D-galactose with unbuffered bromine 
water, supports this theory (2). Oxidation of glucose to 2-
keto-D-glucose takes place with hypochlorous acid, thus it 
does not occur in 1 M HCl04 (no HOC! present, highest isotope 
effect) and is most important at pH 5 (highest concentration 
of HOC!, lowest isotope effect). Stoichiometry also agrees 
with these ideas, Grillo reports the l1ighest ratio of (oxi-
dant/glucose) consumed to be at pH o.3 (3). 
Oxidation of glucose at pH 11 is very fast. The order 
in oxidant is one and that of glucose higher than one. These 
(1) G.J. Grillo, Ph.D. Dissertation, Boston University, 
19oO, pp. 8o-101. 
(2) j.W. Green in "The Carbohydrates" (W. Pigman editor), Acad. 
Press Inc., N.Y., 1957, p. 341. 
(3) Ref. 1, p. lb3. 
results can be accommodated by considering catalysis by 
both hydroxyl and glucose anions (pp. 108-109). The main 
product at this pH is D-gluconic-delta-lactone (p. vii). 
In oxidation of D-glucose at acidic pH molecular chlo-
rine is much more reactive than hypochlorous acid (1). At 
neutral pH hypochlorous acid oxidizes glucose, and the re-
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action is catalyzed by hypochlorite ion (2). This catalysis, 
as Grillo suggests, may be due to an oxidant complex HOCl. 
Clo- which is more active than hypochlorous acid alone, 
the reaction does not present second order dependence in ox-
idant because it is masked by oxidation of hypochlorous acid 
and by catalysis of HP04· Oxidation at high pH occurs between 
glucose, hypochlorous acid and probably hypochlorite ion. 
The catalytic effect of the buffer can be ascribed to general 
base catalysis, and hypochlorous acid is more susceptible to 
catalysis than molecular chlorine, as Lichtin and Saxe point-
ed out (1). 
The reason for the higher reactivity of beta-glucose may 
be due to the lone pair of electrons of oxygen in the pyrano-
se ring, which probably hinders the approach of halogen or 
base to the hydrogen in alpha-glucose (a), this is eliminated 
(1) N.N. Lichtin and M.H. Saxe, J. Am. Chern. Soc., 77, 
1875 (1955). 
(2) G.J. Grillo, Ph.D. Dissertation, Boston University, 
19o0, pp. 159-lol. 







Another explanation for the higher reactivity of beta-
glucose was given by Isbell (1), who postulated that the 
difference in rate of oxidation between alpha and beta-gluco-
se with bromine arises from differences in free energy of 
activation between the conformation of glucose predicted by 
Reeves (p. 35) and a planar activated complex in which the 
oxygen atom of the C-1 hydroxyl group lies in the plane form-
ed by the ring-oxygen atom, C-1, C-2 and C-5. Thus, with beta 
[lucose a small movement at C-1 would suffice to give the 
required arrangement of atoms for the activated complex, while 
for alpha glucose, formation of the activated complex would 
require a change in conformation, high energy would be required 
and the rate of reaction would be low. Isbell assumes a planar 
activated complex because the arrangement of atoms of the sug-
ar shoul~ lie between that of aldose and that of lactone, be-
sides, resonance involving the ring-oxygen atom aids the re-
lease of the C-1 hydrogen atom. 
(1) B.S. Isbell, J. Research Natl. Bur. Standards,ooA, ,~33 (19o2). 
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The main reactions taking place between glucose and 
chlorine water are indicated in Figure 19. 
B) Oxidation of methyl-D-glucopyranosides. 
Methyl-D-glucopyranosides have a fixed structure, with 
a prefered Cl conformation (p. 38 ). They are less acidic 
than glucose, and the small concentration of their anion at 
pH 11 does not seem to affect oxidation by chlorine water. 
Bromine oxidation of methyl-D-glucopyranosides appears 
to be different from chlorine oxidation. The reaction of 
methyl-alpha-D-glucopyranoside and bromine gave 30% yield 
of methyl-D-glucuronide (1). Although products of oxidation 
of methyl-alpha-D-glucopyranoside with chlorine water are 
not well known, Dyfverman et. al. (2) reported small yields 
of gluconic acid. The same acid in higher yield was isolated 
in oxidation of methyl-beta-D-glucopyranoside (2). These 
glycosides are oxidized at C-1 more rapidly than they are 
hydrolyzed (2). Formation of D-glucose, D-arabinose and D-
gluconic acid from methyl-beta-D-glucopyranoside over the 
whole pH range (3) implies cleavage of the flucoside bond 
vnder concH tions 'INhere the ordinary acidic hydrolysis can 
(1) J .~v. Green, Advances in Carbohydrate Chern., ]., 16~ (1948). 
C.L. Mehltretter, ibid, 8, 248 (1953). 
(2) ~. Dyfverrnan, B. Lindberg and D. Wood, Acta Chem. Scand., 
5, 253 (1951). 
(3) o. The1.nder, Sve?1Sk Papperstidn, ~' 581 (1958); C.A., 
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Figure 19. Oxidation 0f D-glucose by aqueous 
chlorine solutions. 
s- represents a base. 
Reaction k1 takes place in acidic pH. Reaction k2 is important at pH 5, 10 and 11. 
Reactions k3, k4 a~d k5 are important at pH 5. k5 is very large. 
a. N.N. Lichtin and lvl.H. Saxe, J. Am. Chern. Soc., 77, 
1875 (1955). 
b. G.J. Grillo, Ph.D. Dissertation, Boston University, 
1960, p. 159. 
c. Suggestion based on J.W. Green in "The Carbohydrates" 
(W. figman editor), Acad. Press Inc., 1957, p. 341. 
d. D.T. Sawyer aud J.B. Bagger, J. Am. Chern. Soc., 81, 
5302 (1959). 
e. Ref. b, pp. 8b-101. 
f. Suggestion based on R.L. Vfuistler and R. Schweiger, 
J. Am. Chern. Soc., 81, 5190 (1959). 
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be neglected. 
It was found in the present work that oxidation of 
these methyl-glucosides is slower than the oxidation of 
glucose. This oxidation is faster towards the neutral point, 
where there is higher proportion of hypochlorous acid. Buf-
fer catalysis is less effective for these sugars than for 
glucose, and there is lower isotope effect than in oxidation 
glucose. Stoichiometry indicates that the ratio (oxidant/ 
sugar) consumed is higher for these glucosides than for glu-
cose (1). 
1) Oxidation of methyl-beta-D-glucopyranoside. 
Oxidation of this sugar follows first order kinetics in 
both oxidant and sugar in 1 M HC104 and at pH 1 and 11, as 
indicated by equation xx (p. 100). Product determination 
(Table 15, p. 98 ) in~icates that oxidation occurs at dif-
ferent points of the molecule. The rate constant as given by 
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equation xx probably represents a sum of several rate const'lnts 
of parallel reactions, the lower isotope effect of this sugar 
as compared to glucose justifies this assumption. Oxidation 
at pH 5 is first order in oxidant, and the order in sugar is 
lower than one, this might be the result of an equilibrium be-
tween sugar, oxidant and a sugar complex (p. 104 ) • 
(1) G.J. Grillo, Ph.D. Dissertation, Boston Univer~ity, 
1960, pp. lo3, 179 and 185. 
Steric hindrance by the methyl group is probably the 
cause for lower reactivity of methyl-beta-D-glucoside as 
compared with glucose (Tables 18A and lclB, pp. 119-120 ), 
the ratios Ck8x)glucose/Ck8x>methyl-beta are 3, 2 and 1 
for 1 M HCl04 , pH 1 and 5 reepectively. The negative cata-
lytic action of hypochlorite ion may be due to formation of 
an oxidant complex HOCl.ClO- which is less reactive than 
hypochlorous acid due to steric factors ( seep. 133 ). 
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Reactions at pH 5 show that k8x is the same for glucose 
and methyl-beta-D-glucopyranoside, while the isotope effect 
and catalytic action by the buffer are lower for the beta-
glucoside. This suggests that the methyl group in the gluco-
side hinders the approach of oxidant and buffer at the same 
time at C-1, the oxidant attacks at other less hindered po-
sitions, giving a lower isotope effect. 
The isotope effect in the oxidation of methyl-D-gluco-
pyranoside, together with the fact that this glucoside does 
not hydrolyze under the conditions of the experi:nents (p. H39), 
indicates that glucose and gluconic-delta-lactone arise from 
direct attack of oxidant at carbon one. A mechanism for gluco-
nic-lactone formation was suggested by Lichtin and Saxe (1). 
The reactions taking place between methyl-beta-D-gluco-
pyranoside and chlorine water are indicated in Figure 20. 
(1) N.N. Lichtin and M.H. Saxe, j. Am. Chern. Soc., 77, 
1875 (1955). 
2) Oxidation of methyl-alpha-D-glucopyranoside. 
The reactions between chlorine water and this sugar 
are very slow, this may be the result of hindrance by both 
the methyl group and the lone pair of electrons in the pyra-
nose oxygen (p. 133 ). Comparison of pseudo-first order rate 
constants of D-glucose with those of methyl-alpha-sugar, 
using initial re~ction rates for the latter at pH 5 (Tables 
47 and 49, pp. 212-216 ), show that D-glucose reacts 13 to 
14 times faster than methyl-~lpha-glucopyranoside in 1 M 
HCl04 and at pH 1, and b times faster at pH 5. At pH 11 
glucose reacts 100 times faster due to the presence of gluco-
se anion, methyl-beta-D-glucopyra~oside reacts at about the 
same rate as the alpha-isomer at this pH (Tables 48 and 49). 
The neg~tive c~talytic action of hydroxyl ions ( p. 112 ) 
may be the result of an intermediate b~tween hydroxyl ion and 
sugar,which is less reactive than the sugar alone. It is dif-
ficult to postulate the structure of this intermediate, it 
may very well be the anion of methyl-alpha-D-glucopyranoside 
(p. 38 ). 
Oxidation of methyl-alpha-glucoside probably proceeds 
through an oxidant-sugar complex similar to that suggested 
by Lichtin and Saxe (p.xiii), as explained in pp. 105-107. 
Because of steric hindrance of the methyl and electron pair, 
oxidation occurs at other carbons different than one. The 
products of oxidation are probably 2 and 3 keto-methyl-
glucopyranosides (1), these keto-sugars are oxidized to 
a 2,3-diketo derivative which is further cleaved (1,2). 
The lack of isotope effect in this sugar justifies this 
hypothesis. 
The fact that gluconic acid was formed in very small 
~1ount (3), but no isotope effect is found, suggests that 
the initial attack of oxidant is in the aglycone group, 
giving a labile intermediate which is subsequently hydro-
lyzed. It is interesting to note that L-rhamnose, on oxi-
dation with bromine , gives 5-keto-L-~annonic acid. This 
is the first reported experiment in which a methyl is oxi-
dized to -CH2-oH (4). Perhaps D-gluconic acid orisinates 
from oxidation of D-£lucose produced from oxidation and 
hydrolysis of methyl-alpha-D-glucopyranoside, as follows: 
The mechanism of these reactions is obscure, however. 
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The principal reactions occuring between chlorine water 





o. Theander, Svensk Kemisk Tidskr., 71, 1 (1959); C.A., 
53, 11825 (1959). 
R.L. Whistler and S.j. Kazeniac, ]. Org. Chern., 21, 
4b8 (195u); R.L. Whistler, E.G. Linke and s. Kazeniac, 
]. Am. Chern. Soc., 78, 4704 (195o). 
A. Dyfverman, B. Lindberg and D. Wood., Acta CLelrl. Sca_nri., 
5, 253 (1951). 
















(probably 4 and 6-
\ keto-sugars) 
1 HOC! (c,d) II 






(b) " etc. 
·--~<~c~•~d~)~--~> 2 and 3-keto-sugars 
l 
etc., as for the beta 
isomer 
Figure 20. Oxidation of methyl-D-glucopyranosides 
by aqueous chlorine solutions. 
a. G.J. Grillo, Ph.D. Dissertation, Boston University, 
1960, pp. 121-130. 
b. See Figure 
c. 0. Theander, Svensk Kemisk Tidskr., 71, 1 (1959); C.A., 
11825 (1959). 
d. R.L. \tJhistler and S.j. Kazeniac, J. Org. Chern., 21, 
4o8 (195o). 
e. See p. 139. 
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SUGGESTIONS FOR FUTURE ;1~0RK 
Two types of work can be carried out in connection 
with the present research: I) Studies related to chlorine 
water oxidation of carbohydrates, and II) Studies related 
to the compounds prepared in this research. 
I) Studies related to chlorine water oxidation. 
A) In connection with chlorine oxidation of carbohy-
drates, a study of the reaction products of D-glucose and 
its methyl-D-glucopyranosides should be carried out immedi-
~tely following the present work. This can be accomplished 
by paper chromatography. Leftin (1) studied the reaction 
products of the chlorine oxidation of D-glucose and methyl-
beta-D-rlucopyranoside, at pH "0 11 and 4.o. This investiga-
141 
tion should be extended to neutr ::1.1 ::Lr:td 'd L1line pH, and also 
to methyl-alpha-D-glucopyranoside. 
B) It should be interesting to study the kinetics of 
oxidation of 2-methyl-0-D-glucose with chlorine water, and 
compare these results with oxidation of D-glucosamine, which 
is known to be oxidized very slow/. by halogens (2). Oxidation 
'! 
of 2-methyl-0-D-glucose ~houl~ be a clean reaction, for the 
(1) J.H. Leftin, M.A. Thesis, Boston University, 1957. 
(2) J.W. Green, Advances in Carbohydrate Chern.,}, 145 
(1948). 
hydroxyl ~t C-2 has been protected. 
C) Buffer catalysis in bromine oxidation of D-glucose 
must be studied, in order to check )revious recv.lt" (1), 
and to prove the difference in reactivity of hypobromous 
acid and hypochlorous acid. 
II) Studies related to the compounds prepared in this 
research. 
A) It is possible to study reaction mechanisms of 
sodium borodeuteride with other ions, as in the case of 
reactions with permanganate and compare these results with 
those of sodium borohydride (2). 
B) Kinetics of reduction of ferricyanide by borodeute-
ride can be studied. This can be compared with data for 
sodium borohydride (3). 
C) It is possible to make ma.ny dcuterio compounds from 
sodium borodeuteride (see reference 4). These compounds are 
very valu~ble for studying kinetic isotope effects. 
D) Important studies of primary isotope effect can be 





B. Perlmutter-Hayman and A. Persky, ]. Am. Chern. Soc., 
82, 3809 (1960). 
T: Freund and N. Nuenke, ibid, 83, 337b (19ol). 
T. Freund, J. Inorg. and Nuclear Chern., .2_, 24o (1959). 
N.G. Gaylord, "Reduction with Complex Metal Hydrides~' 
Interscience Publishers Inc., N.Y., 195o. 
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and beta-D-glucopyranoside-1-d. Several oxidizing reagents 
can be used, such as: 
1) Bromine, follo~Jing the work of Friedberg and Kaplan 





2) Sodium chlorite, after Launer and Tomimatsu (3). 
3) ~upric salts, according to Marshall and Waters (4). 
F. Friedberg and L. Kaplan, Abstracts of the 13lst. 
Meeting of the Am. Chern. Soc., Miami Beach, Florida, 
April 1957, p. 8o-O. 
B. Perlmutter-Hayman and A. Perd~y, J. Pun. Chern. Soc., 
82, 3809 (1960). 
H:F. Launer andY. Tomimatsu, Anal. Chern., 31, 1385 
(1959), J. Am. Chern. Soc., 7b, 2591 (1954). 




I) Benedict's analysis~ 2 ) 
Anhydrous sodium carbonate (50.0 g., .497 mole was 
dissolved with heat in 350 ml. of distilled water. Sodium 
cjtrate dihydrate (100.0 g., .340 mole) and potassium thio-
cyanate (o2.5 g., .b43 mole) were dis~olved in the previous 
solution. The mixture was cooled at room temperature. A 
solution of cupric sulfate (9.0 g., .03b mole, of CuS04.SH20 
in 50 ml. of water) was added slowly with constant stirring. 
Finally, 2.5 ml. of a 5% solution of sodium ferrocyanide was 
~dded to the mixture. The solvtion was diluted to 500 ml. 
Standarization of the Benedict's solution: 
Exactly ten milliliters of Benedict's solution and 
3.20 g., .03 mole, of anhydrous sodium carbonate were placed 
in a porcelain dish and heated to boiling. A solution of 
.2000 g., .001 mole, of anhydrous D-glucose in 100 ml. of 
(1) Analyses for deuterium were performed by Dr. David R. 
Christman of Brookh~ven National Laboratory, N.Y. 
Analyses for carbon and hydrogen were carried out by 
Schwarzkopf Microanalytical Laboratory, 5b-19 37th 
Ave., Woodside 77, N.Y. 
All melting points are uncorrected. 
The list of substances used in this research and their 
sources (if not otherwise indicated) i~ given on pp. 198-199. 
(2) P.B. Hawk, B.L. Oser and W.H. Summerson ".Practical 
Physiological Chemistry~ The Blakiston Company, N.Y., 
1954, p. 1323. 
water was added drop by drop with continuous stirring. 
After addition of 10.00 ml. of glucose solution (corre-
ponding to .0212 g., 1.2 x lo- 4 mole, of glucose), the 
Benedict's reagent was completely reduced, changing its 
color from blue to ~~ite. 
II) Reduction of lactones. 
A) Hydrogenation of D-gluconic-delta-lactone. 
The first attempt to prepare D-glucose was by catalytic 
hydrogenation of gluconic lactone. Four ex~eriments were 
carried out. The first experiment was at atmos!Jheric pressure 
using platinum as catalyst. The yield was only 15%. A 
second experiment was preformed using platinum as catalyst 
and ferrous ion as promoter. The yield improved to 26$; but 
was still not satisfactory. The third attempt employed 
pressure according to a method reported by Glattfeld and 
Schimpff (1), the yield was only 17%. Finally, with ferrous 
ion, platinum and pre8sure, the yield improved to 55%. These 
experiments are described in detail below: 
1) Atmospheric pressure in absence of ferrous ion. 
~mixture of .20 g., .0009 mole of platinum oxide and 
5 ml. of distilled water was hydrogenated ~t room temperature 
and atmospheric pressure. After the mixture had ~bsorbed 
(1) J.W.E. Glattfeld and G. Schimpff, J. Am. Chern. Soc., 
57, 2204 (1935). 
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44 ml. of hydrogen (1 hr.) a solution of .35 g. (.002 mole) 
of D-gluconic-delta-lactone in 10 ml. of distilled water 
was added. The sugar absorbed 13.5 ml. (.00055 mole) of 
hyrtrogen in 24 hrs., after which the absorption stopped. 
The mixture was filtered and diluted with distilled water 
to 100 ml •• The yield of D-glucose was 15% as determined 
by Benedict's analysis. 
2) Atmospheric pressure in presence of ferrous ion. 
With the same conditions and quantities as in the 
previous ext):->riment, bt1t after addition of .0020 g. (.00001 
mole) of FeC1 2 .4H2o with the catalyst, the absorption of 
hydrogen by the sugar was 23.5 ml. (.000957 mole) and the 
yield of glucose as determined by Benedict's analysis was 
2G%. 
3) Under pressure in absence of ferrous ion~l) 
A mixture of 1.78 g.(.OlO mole) of D-gluconic-delta-
lactone, 50 ml. of distilled water and 1.00 g. (.0044 mole) 
of platinum oxide was placed in a .Parr Apparatus (Parr 
Instrument Co., Moline, Ill.) at 35 p.s.i. and room temper-
ature. After 24 hrs. the pressure dropped to 34.5 p.s.i. 
and the absorrtion stopped. The reaction mixture wa8 filtered 
and diluted with water to 100 ml •• Tile yield of glucose was 
17% accordin~ to Benedict's analysis. 
(1) J.W.E. Glattfeld and G. Schimpff, J. Am. Chern. Soc., 
57, 2204 (1935). 
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4) Under pre~sure in presence cf ferrou~ ion. 
With tLe sctme condition~ and quantities as in the 
previuos experiment, but with addition of .0178 g (.00008 
tr.ole) of FeC12.4H2o, the yield of glucose w·ls 55% accorc1ing 
to Benedict's analysis. 
B) Reduction of D-rluconic-delta-13.ctone with sodium 
borohydride. 
The first experiment followed a method reported by 
'\iolfrom and \'1/oods (1). The results were promising. 
(1) 
1) Wolfrotr. and Vioods' method. 
Three grams (.Olo8 mole) of D-gluconic-delta-lactone 
was dissolved in 20 ml of distilled water. The mixture was 
coolect in an ice bath and a cold solution of .40 g (.0106 
mole) of sodium borohydride in 10 ml of water was added 
drop by drop with continuous stirring. The ph of the reac-
tion was kept at 3-4 by adding 1 N sulfuric acid (it re-
quired 5 ml). In each addition hydrogen was evolved. After 
the addition of sodium borohydride was completed (20 ruin) 
the reaction was stirred an additional ~o min after r~ich 
10 ml more of 1 N sulfuric acid was added to destroy any 
remaininp: hydride. The mixture W8.S dilvted to 500 ml. The 
yield of glucose according to Benedict's titration was 80%. 
(1) l,:.L. Wolfrom and : •• B. Woods, J. Am. Chern. Soc., 73, 
2933 (1951). 
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2) Acetic acid method. 
Acetic ·3.cicl 1\·a:. t" ed in lace of ~t~lft·ric in several 
ex ·er iment s 'i·'~ th the ob j ec ;_ i ve of irnprovi n~ yields. 
a) AricEtior~ 1f l.yr1ride to the la.ctone. 
An ice-cole. Eoll~tion of ::0d~_um borotyc1ride (see cue!.n-
tities in Table 19) in 10 ml of water was ~dded dropwise 
immediately beforehan~ by dissolvinr 1.500 g (.00642 mole) 
of D-glt1Ccmic-delta-1actone in 40 ml of ice-cold h·ater in 
which 1cetic acid (see quantities in Table 19) h~d j~en 
dissolved. £l1e reaction mixture was ~tirred in an ice bath 
for 30 min ::tf ter v;tj_ :::;, 1 ml of 50% •1.ce tic :~cid ·-,: L', :.d·~ecl 
·1d ;::tirring was continued for an ::tddi tional 15 min in the 
cold. The yield c,f D-cluco~e wa~ determined L·y Benedict's 
titration. 
Table 19 
Reduction of D-plt•conic-delta-lactone with 

































a. One equivalent corres~onds to 1 mole of sodium borohy ride 
per~ moles of l·ctone. 
b. In all of these exp2r1ments 1.50 g (.~084 mole) of lactone 
1.vas vsed. 
b) vari'lt:ion of the acetic acid Ct>'l.C:2n.trltion. 
With ~cetic acid (.002 mole) ~nd ~odium borohydride 
(.004 mole, 2 aquivalents) in mol~r ratio of 1:2 and 
followinc essentially the same conditions as in experiment 
2a (p.l48), the yield of glucose was 93%. 
c) Inverse addition (lactone t,) the hyc1ri:ie). 
)J; en 2. 5 ec;ui valen ts of sodi vm boroh ydr ide wa~: used 
as in ex~~eriment 2a (p.l48), but the lactone was added to 
the lly·'ric~e ~,t)2.·· ti,)n, the yield of glvcose wa~ 90% as de-
termined by Be:r.edict's analysis. 
3) Ammonit~m chloride method. 
Ammon:it1m chlorine, being slightly ~ci<lic, colild be a 
very convenient svbstance for the :;::oclitG borohydride reduc-
tion of glPconic lactone, because it woold not decom~1ose 
s.od:i.um borohydride as fast as sul f vr ic acid or acetic acid 
do, and would ~'event the lactone from changing to the un-
reactive gluconate salt. 
TLe conditions 11:ere essentially the sacie as those used 
in experiment 2a (p. 14f). While the quanti tie::: of sc.:cli um 
borohydride and ammonium chloride varied (see Table 20). 
The amcwnt of flrcr:mic lactone was fixed (1.50 g, .0084 
mole). Yields •ere calculated by Benedict's titration. 
4) .Abcence of acid. 
Since tLe concern was l\i tl1 the arnot nr of reductant used, 
::1nd there was a wastage ()f it in t11:, l'r.-:~vi_·)VS i'~'\:~;•~rit;ents, 
the lactone was reacted with sodium borohydride in the 
Table 20 
Redvction of D-rluconic-delta-lactone with sodium 
borohydricte. Use of ammonium chloride 
Eot'ivctlentsa NaBH4 . Nl14 Cl Yield Of [rams mole grams mole /0 
1.0 .08 .0021 .535 .()1()0 86 
1.1 .09 .0024 .640 .0120 89 
1.5 .12 .0032 .sao .0150 93 
2.5 .20 .0053 .280 .00525 96 
a. Cf. footnote a Table 19. 
previous experiments,the l1.ctone was reacted \dt!J. ~odinn 
bcorohydride ir: the absence of acid. Under t :. ese con· i ti ons, 
~.orne r)f the lactone is transformed to Lh" 1nreactive gll1CO-
n:1 t e ion by tlJe alkalinity produced by sccli nn: borol;ydr ide, 
but no borohy~ride is decomposed due to the artificial a-
cidi ty of the soh1tion. The re~=.ults ·were very satisfactory. 
a) Absence of ~cid with one equivalent of sodium 
bnrohydride. 
D-Gll=conic-delta-lactone (1.50 g, .0084 mnle) was dis-
solved in 40 m1 of distilled water cooled to 0~. A cold 
sol1 tion of sodium torohyctride (.09 g, .0024 r~:ole, 1.1 e-
quivalent) in 10 ml of distilled water wa~ added at once. 
The reaction mixture was stirred in an ice bath. At tl1e end 
of the reactjon 1 ml of 50% acetic acid was tdded to destroy 
any re111aining excess of lty(~ride. The re.c::l'lts of four ex-
periments are rec~rded in Table 21. 
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Table 21 
Reductio• of D-gluco•ic-delta-lactoae with 1 equivale•t 













a. After addition of sodium borohydride solutio•, before 
the additio• of acetic acid. 
b) Absemce of acid with 1.5 equivale•ts of sodium 
borohydride. 
Whe• the amoumt of sodium borohydride was increased 
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to 1.5 equivaleats (.12 r, .003 •ole) with the same coBdi-
tions a•d quantities as those employed in experiaeat 4a 
(p. 150 ), the yields of glucose were essentially the saae. 
The results of three experime•ts are indicated ia Table 22. 
Table 22 
Reduction of D-gluconic-delta-lactoae with 1.5 equivale•ts 













C) Reductio• of other su,ar lactones. 
Two methods were chose• fro• the experi•e•ts described 
in part B (pp. 147-151 ) for the reductio• of other su~ar 
lactomes. Method 1 involved the additio• of 2.5 equivale•ts 
of sodium borohydride per equivalent of lactoDe to a solu-
tion of the sucar acidified with one mole of acetic acid 
per mole of borohydride as ia 2a (p. 148 ). Method 2 involv-
ed the use of essemtially equivaleat aaouats of reactants 
in the absence of acid as in 4a (p. 150 ). The yields of 
aldose were determi•ed by Beaedict's solution standarized 
each time with the corresponde•t aldose. The results are 
~iven i• Table 23. 
Table 23 
Reductio• of lactomes with sodium borohydride~ 
% Conversion to aldose£ 
Method 1 Method 2 
D-Gluconic-/' -lactol\eb 100 90 
D-Araboaic-;-lactoneC less than 12 30 
D-GalactoDic- / -lacto•ec less than 13.5 40 
D-Gluconic-1_-lacto•ec 40 38 
D-Gluco-D-gulo-heptonic- less 
/-lacto:aec 54 tha:a. 
D-Ma!lllollic-J -lacto•ed 13 36 
a. Metal Hydrides IDe., Beverly, Mass. 











c. Pfanstiehl Laboratories, Iac., Waukegan, Ill. 
d. I a• ,rateful to Dr. Harriet L. Frush of the National 
Bureau of Standards for a cift of these saaples. 
e. Merck and Co., I•c., Rahway, N.J. 
f. The reactioa was carried out duriB' 20 min after addition 
of sodium borohydride, before the additiom of acetic acid. 
III) Synthesis of sodium borohydride and deuteride. 
A) Gasometric analysis~!) 
1) Description of the apparatus. 
The apparatus (Figure 21 ) consisted of a 50 ml buret-
te filled with water and surrounded by a water jacket as a 
thermostat. The upper part of the burette was connected with 
rubber tubing to a pressure equalazing separatory funnel (20 
ml capacity $ 14/20) containing 10 ml of diluted acetic acid 
for sodium borohydride analysis or diluted phosphoric acid 
for magnesium analysis. The lower part of the burette was 
connected to a water manometer. The samples, weighed in a 
semimicro balance with a precision of lo- 5 g were placed in 
a 50 ml round bottom flask with a$ 14/20 ground joint. This 
flask was attached to the separatory funnel and immersed in 
a water bath at the same temperature as that surrounding the 
burette. Zero mark was tal,en after equalizing the water lev-
els in the burette and manometer, acid solution was added to 
the s::unple~ a11d tlie volume of gas evolved was measured after 
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equalazing the water levels in the burette and manometer. At-
mospheric pressure was recorded. 
(1) W.D. Davis, L.S. hason and G. Stegeman, J. Am. Chern. 










2) Test of the apparatus for hydrogen. 
a) Magnesium analysis. 
Magnesium turnings (J.T. Baker, purified) were weighed 
and placed in the apparatus as described in III A 1 (p. 153 ). 
Phosphoric acid solution (50%) was added to tl1e sample and 
the volume of gas evolved was measured at 23° and a pressure 
of 764.4 mm. The vapor pressure of water at 23° is 21 mm. 
Data are presented in Table 24. 
Table 24 
Analysis of magnesium. 
Sample Weight Volume Theoretical volumea Purityb 















a. Calculated for the reaction: Mg I H3Po4 ~ MgHP04 I H2 
v = Wt. of samp-!!...J·~~~ .08205 x T 
At. Wt. of Mg x Atm. press. - Vap. press~~!!i.Q 
760 
V : Wt. of -~-~mple f..I.L.!!YL X .08205 X 296 
24.32 764.4 - 21 
760 
b. The results indicate a precision of ~ 1%. 
b) Analysis of sodium borohydride. 
Sodium borohydride (Metal Hydrides, lot 157, purity 981%) 
was weighed and placed in the apparatus as described in III 
A 1 (p. 153 ). Acetic acid solution (50%) was added to the 
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sample and the gas evolved was measured at 22.5° and 753.4 
mm. The vapor pressure of water at 22.5° is 20.5 mm. Data 
are presented in Table 25. 
Table 25 


















v- Wt. of sample in mg 
37.8 X 
4 X .08205 X 295.7 
7 5 3 • 4 - 20 • .s-
7b0 -·--
b. Cf. footnote b Table 24. 
c) Analysis of sodium hydride. 
The analysis of sodium hydride was the same as the 
analysis of sodium borohydride, except that water was used 
instead of acetic acid. Calculations were carried out ac-
cording to the reaction: 
___ _.... NaOH f 
157 
B) Synthesis of sodium borohydride~l) 
1) Preparation of sodium borohydride. 
The apparatus consisted of a one liter three necked 
round bottom flask provided with a H.ershberg stirrer made 
of nickel wire, a pressure equalizing separatory funnel of 
150 ml capacity with a long stem passing through the con-
denser and reaching the flask, and a rubber stopper with a 
thermometer and a glass tube connected to a nitrogen source 
(Figure 22 ). The stirrer shaft entered the flask through a 
well fitted glass bearing. Nitrogen from a tank was passed 
succesively through pyrogallol solution, concentrated sulfu-
ric acid, calcium chloride and Ascarite. A drying tube with 
Ascarite was placed at the end of the separatory funnel. The 
condenser was cooled with ice water. A mixture of 100.0 g of 
sodium hydride in oil suspension (49.6% cone., 98.5%, 2.03 
moles, Metal Hydrides) and 400.0 g of Esso Bayol 85 was placed 
in the flask. Methyl borate (54.0 g, .52 mole, Metal Hydrides) 
was placed in the funnel. 1be flask was flushed with nitro-
gen, stirred continuously and heated to 2o0-270° with a heat-
ing mantle. The methyl borate was added slowly, drop by drop, 
with continuous stirring, while a slow current of nitrogen 
was passed through. The adcii tion took oO min; stirring was 
(1) H.I. Schlesinger, H.C. Brown and A.E. Finholt, J. Am. 































olut1nn of Sulfu ric Calcium Chloride Heating t-lantle 
1 vrogal lol ,\ci'l 
r;--m. 22. Apparatus for prPi>lrltion nf sodium borohydride. 
1~ 
continued for an additional oO min. The heating mantle was 
removed and the mixture cooled to room temperature while 
stirring in order to keep the solid product in a finely di-
vided form. The mineral oil was then eliminated with 350 ml 
of 30-o0° pet. ether which had been distilled over sodium, 
by stirring the suspension for 15 min and filtering. The cake, 
consisting of sodium borohydride and sodium methoxide, was 
transferred back to the flask and the sodium borohydride was 
extracted by refluxing for 15 min with 400 ml of isopropyl-
amine which had been distilled first over barium oxide and 
then over sodium hydride. The solution and suspended sodium 
methoxide were poured into a large sintered glass funnel. 
The cake was transferred back to the flask for a second ex-
traction with 300 ml of isopropylamine. The two extracts 
were combined and evaporated to dryness. In order to elimi-
nate any remaining oil, the residue was shaken with 300 ml 
of pet. ether, filtered and the insoluble material dryed 
tJnder vacuum at 100°. The extract, consisting of sodium bore-
hydride weighed 18.1 g. The portion insoluble in isopropyl-
amine (CH30Na) weighed 86.3 g. The purity of the sodium bora-
hydride was determined by the method of III A 2b (p. 155 ). 
The fact that the extract did not evolve gas when dissolved 
in water established the absence of sodium hydride. The por-
tion insoluble in isopropylamine, consisting mainly of sodium 
methoxide, was analyzed for sodium hydride by the method of 
III A 2c (p. 156 ). The absence of sodium borohydride in the 
160 
isopropylamine insoluble residue was established by its fail-
ure to evolve gas upon acidification with acetic acid after 
treatment with water. 
Three more experiments were carried out under the same 
conditions. Results of all four experiments are summarized 
in Table 2o. 
Some experiments were performed in which the amount of 
methyl borate was double the theoretical. The isolated sodium 
borohydride was very impure, probably due to formation of 
compounds such as NaB(OCH3)~ which are soluble in isopropyl-
amine. 
2) Purification of sodium borohydride~l) 
Sodium borohydride (5.0 g, 75% pure) was dissolved in 
150 ml of isopropylamine containing a very small amount of 
distilled water. The mixture was stirred for 30 min in a 
500 ml round bottom flask provided with a condenser and a 
drying ~ube containing Ascarite. The solution was filtered 
through Celite. The filtrate was evaporated to dryness, 
first at 50° and then with vacuum at 100°. This residue was 
weighed and analyzed for sodium borohydride as described in 
III A 2b (p. 155). The results of three different experiments 
(1) M.D. Banus and T.R.P. Gibb, U.S. Pat., 2,542,74b (1951); 
C.A., 45, 4415 (1951). 
Table 26 
Preparation of sodium borohydride. 
NaH B(OCH3) 3 Unreacted Material Wt. of NaBH4 NaH insol. in extract, 
isopropyl- g 
grams mole grams mole grams mole amine, g 
24.4 1.017 31.0 .298 .6 .025 38.1 13.1 
24.4 1.017 27.5 • 265 3.3 .132 39.8 8.2 
48.8 2.03 54.0 .520 1.3 .054 89.6 15.1 
48.8 2.03 54.0 .520 2.5 .104 86.3 18.1 




















in which the amount of water was changed are listed in 
Table 27. 
Table 27 
Purification of sodium borohydride. 
%by wt. Vol. of Recovered Purity of 
of water water XaBB4 NaBH4 in rel. to ml g % 
impurities 
50 .o30 4.00 85 
40 .500 3.80 95 
30 .375 3.70 98 
C) Synthesis of sodium borodeuteride. 







Sodium deuteride (21.1% cone., 97.3% pure, Metal 
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Hydrides) was divided in five portions. The conditions for 
the preparation of sodium borodeuteride were exactly the same 
as those used in the preparation of sodium borohydride and 
described in III B 1 (p. 157 ) . The analysis of the product 
was carried out as described in III A 2b (p. 155 ). The re-
sults are given in Table 28. 
2) Purification of sodium borodeuteride. 
The yields of sodium borodeuteride were combined giving 
a total weight of 71.0 g. Its purity was 88% according to 
the method of II I A 2b (p. 155 ) . 
The sodium borodeuteride was purified with isopropyl-
amine containing 30% by weight of water relative to the im-
pur~ties by the method of III B 2 (p. 160 ). The results are 
listed in Table 29. 
Table 28 
Preparation of sodium borodeuteride. 
NaD Amount of Bayol Unreacted Material wt. of Purity 
oil NaD in the B(OCH3) 3 85 NaD insol. in NaBD4 of NaBD4 suspensiona oil isopropyl- extract extract 
grams grams mole grams mole grams grams mole amine, g grams % 
60.0 12.3 .492 13.0 .126 60.0 .3 .012 21.7 4.1 90 
240.0 49.2 1.968 52.0 .50 240.0 1.6 .064 86.2 18.5 90 
240.0 49.2 1.968 52.0 • 50 240.0 1.2 .048 85.3 18.1 §~ 240.0 49.2 1.968 52.0 .50 240.0 1.3 .052 86.6 19.5 
161.8 33.2 1.328 35.1 .336 161.8 .6 .024 58.4 12.3 90 
a. Sodium deuteride oil suspension, 21.1% cone., 97.3% pure, Hetal Hydrides. 













Purification of sodium borodeuteride. 
Original Isopropyl amine Water NaBD4 Yield 
NaBD4 ml ml purified o, a '" grams purity grams purity 
% % 
5.0 88 100 .18 4.3 100 98 
ob.O 88 1320 2.38 oO.l 95 98 
a. Two percent of the impurities probably correspond~ to 
mineral oil, as the following experiment suggests: 
sodium borodeuteride 95% pure (11.88 g) was dissolved 
in 150 ml of cold water, the insoluble material was 
extracted with 20 ml of pet. ether and the solvent was 
evaporated to dryness. The weight of the residue was 
.23 g. The cold water solution was used immediately for 
the reduction of D-gluconic-delta-lactone (p. 170 ). 
3) Analysis for deuterium. 
A sample of sodium borodeuteride (95% pure) was ana-
lyzed in a mass spectrometer. It was found to contain 99 
atom % of deuterium. 
IV) Synthesis of D-glucose. 
A) Isolation of D-glucose. 
1) Conditioning of resins. 
Amberlite IR-120 (1) (400.0 g, lb-50 mesh, 44-48% of 
water) was mixed with 2 liter of distilled water and poured 
into a 75 x 3.3 em column. Air bubbles were eliminated by 
(1) "Ion Exchange with the Amberlite Resins~' Rohm & Haas 
Co., Philadelphia, Pa., 1957. 
tapping with a glass rod. The Amberlite was regenerated 
downflow with 1.1 1. of 4 N hydrochloric acid at a rate 
of 1 1./30 min. The hydrochloric acid was eliminated after 
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washing downflow with 3 1. of water at a rate of 1 1./30 min 
at which point the effluent was neutral to Hydrion paper B, 
and gave a negative test for chloride with silver nitrate 
solution. The bed depth was o2.4 em, and the volume 535 ml. 
Duolite A-4 (1) (245 g) was stirred with 2 1. of dis-
tilled water for 1 hr. The resin suspension was transferred 
to a 90 x 3 em column. The Duolite was washed upflow with 
6 1. of water at a rate of 300 ml/min. Bubbles of air were 
eliminated by tapping with a glass rod. The Duolite was re-
generated downflow with 1.1 1. of 4% sodium hydroxide at a 
rate of 1 1./30 min. The alkali was eliminated after washing 
downflow with 5 1. of distilled water at a rate of 1 1./30 
min at which point the effluent was neutral to Hydrion paper 
B. 1be bed depth was 75 em and the volume 525 ml. 
2) Test of resins. Isolation of D-glucose. 
A mixture of 41.0 ml (.5o mole) of acetone and 100 ml 
of water was placed in a 500 ml three neck round bottom 
flask with a condenser, a mechanical stirrer and 200 ml 
dropping funnel. The mixture was cooled with ice water. A 
cold solution of 5.10 g of sodium borohydride (.135 mole) 
(1) Duolite Data Leaflet No. 10 and No. 28, Chemical Process 
Co., Redwood Calif., 1958. 
in 100 ml of distilled water was added dropwise in 5 min 
with continuous stirring. After the addition was completed, 
the mixture was stirred 5 min more in the cold and 15 min 
at room temperature. Aqueous acetic acid (4 ml, 50% cone.) 
was added in order to destroy any remaining hydride. No gas 
was evolved. 
A solution of 12.0 g (.Ob7 mole) of D-sluconic-delta-
lactone and 9b.6 g (.49 mole) of D-gluco~e monohydrate in 
800 ml of distilled water was added to the previous reduc-
tion mixture. This solution was passed downflow through the 
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&~berlite column and washed downflow with four 500 ml por-
tions of water at a rate of 1 1./30 min. The combined eluate 
and washings (which gave a negative flame test for sodium) 
were passed downflow through a column of Duolite. The column 
was washed downflow with seven 500 ml portions of water at 
a rate of 1 1./30 min. The combined eluate and washings were 
evaporated to dryness at 50° under water aspirator vacuum 
in a Rinco rotating evaporator (Rinco Inst. Co., Inc.). The 
resulting sirup gave a positive turmeric paper test for bo-
ron (1). A negative test for boron was obtained after evap-
orating a solution of the sirup in 500 ml of methanol (Baker's 
Analyzed Reagent) to dryness under water aspirator vacuum in 
a Rinco evaporator. The product was evaporated to dryness 
( 1) F .j. Welcher, "Organic Analytical Reagents~' Vol. IV, 
D. Van Nostrand Co., N.Y., 1948, p. 39b. 
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with two additional 200 ml portions of methanol. Upon treat-
ment of the residue with 150 ml of methanol, crystals ap-
peared. The suspension was stored in a refrigerator over 
night, after which the product was filtered and dried to 
provide 66.1 g of white crystals melting at 145-151°. ~~elting 
point of a mixture with Merck's "Reagent" anhydrous glucose 
(see below) recrystallized from methanol was 147-151°. The 
mother liquor yielded a second crop of crystals weighing 
11.3 g and melting at 147-152°. The yield of recovered gluco-
se was 88%. 
3) Crystallization of D-glucose. 
Anhydrous D-glucose (Merck's Reagent, 5.00 g) was dis-
solved in ~0 ml of methanol. After evaporation to 1/4 of its 
volume in a Rinco evaporator, crystals appeared on cooling. 
After standing in a refrigerator over night the crystals 
were filtered and dried. The weight was 4.18 g, m.p. 147-
1510 (yield 84%). The reducing power (Benedict's) of anhy-
drous glucose thus crystallized was exactly the same as that 
of anhydrous D-glucose (Merck's Reagent). 
B) Synthesis of D-glucose. 
Precooled D-gluconic-delta-lactone (99.8 g, .5o mole) 
was dissolved in 3 min by adding 100 ml of water which had 
previously been cooled to 0° and stirring in an ice bath. 
An ice-cold solution of 5.10 g (.135 mole) of sodium boro-
hydride in 100 ml of water was immediately added over a 
period of 3 min. After 20 min of stirring at 0° the pH 
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of the solution was 8 (Hydrion paper B). No gas was evolved 
upon addition of 10 ml of 50% aqueous acetic acid. Titration 
of aliquots with Benedict's reagent indicated a 90% conver-
sion to glucose (based on sodium borohydride). 
The reaction mixture was next passed through Amberlite 
IR-120 and through Duolite A-4 and worked up as indicated 
in IV A 2 (p. 165 ). The weight of the crystals was 78.1 g, 
m. p. 14 7-151°, mixed me 1 t ing point with Mer cl{ 's "Reagent" 
anhydrous glucose recrystallized from methanol 147-151°; 
[ol]P f 58.5° 5 min after dissolution, f 52.7° at equilib-
rium (C = .04 g/ml, water). The mother liquor yielded a sec-
ond crop of crystals weighing o.47 g and melting at 14t-150°. 
The combined yield of crystalline product be1.sed on the sodium 
borohydride employed was thus 8b%. 
With doubled quantities of lactone (200.0 g, 1.123 mole) 
and sodium borohydride (10.2 g, .270 mole), the yield of D-
glucose was 92% on the ba~is of the sodium borohydride used. 
The glucose thus prepared behaved kinetically the same 
as Merck's "Reagent" D-glucose, as shown by runs G-3, lo, 
2b and 42 (pp. 217-221). 
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C) Oxidation of D-glucose to potassium D-gluconate~l) 
A mixture of 2.85 g (.011 mole) of iodine and 40 ml 
of methanol, freed of acetone by refluxing with furfural 
and sodium hydroxide (2), was placed in a 250 ml three neck 
round bottom flask equipped with thermometer, dropping fun-
nel and stirrer. This mixture was kept at 40° in a water 
bath during the course of the reaction. A solution of 1.00 
g (.0056 mole) of anhydrous D-glucose in 1.5 ml of water and 
12.5 ml of methanol warmed at 40° was added to the iodine 
mixture. A 47u solution of pot assi urn hydroxide in methanol 
(32.5 ml, .0231 mole) was then added dropwise in five mi-
nutes with continuous stirring. After 15 min of stirring 
an additional 25 ml of 4% potassium hydroxide solution 
(.0178 mole) was added dropwise in 5 min. The mixture turn-
ed straw yellow. It wa.s stirred 10 min more after which the 
reaction mixture was cooled with an ice bath. The resulting 
precipitate was filtered and washed three times with 5 ml 
portions of cold methanol, and twice with 5 ml portions of 
ether. The dried crystals weighed 1.18 g (91% yield), m.p. 
179-180° (dec.), [ot.]D I 11.0° (C = .02 g/ml, water). A 
water solution of these crystals was neutral to Hydrion 
paper B. 
(1) s. Moore and K.P. Link, J. Biol. Chern., 133, 293 (1940). 
(2) A.I. Vogel, "Practical Organic Chemistry~' 2nc1. ed., 
Longmans Green Co., 1954, p. 168. 
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D) Synthesis of D-glucose-1-d. 
1) Prepar~tion cf D-glucose-1-d. 
The conditions were exactly the same as those described 
for the prep:uation of glucose in IV B (p. 167 ) • The sodium 
borodeuteride used was 95% pure. The yieln of c1C:l't'_:rio sugar 
was 88%, m.p. 147-152°. 
2) Properties of D-glucose-1-d. 
Specific rot at ion {o(. ].IJ I 57.4° 7 min after dissolu-
tion, I 52.5° at equilibrium (C = .04 g/ml, water). 
Mixed melting point with Merck's "Reag.c:1t 11 anhydrous 
glucose recrystallized from methanol as in IV A 3 (p. 167), 
147-151°. 
Analysi~. \ sample of D-glucose-1-d was dried at 55° 
and .025 mm pressure for 48 hr. The sample was analyzed 
independently for deuterium by Dr. Christman and for carbon 
and hydrogen by Schwarzkopf Microanalytical Laboratory (see 
footnotes p. 144 ) . 
Calculated for CbH11obD : D, 8.33 atom %; C, 39.78~; 
H I D, 7.18~. Foun~: D, 8.55 i.2o atom %; C, 39.83%; HI D, 
7.b%*. 
* This value was calculated from the data reported by the 
analyst (H, 7.07%), considering combustion analysis of 
glucose and deuteriated glucose, as follows: 
cbH12ob 1 bo2 b co2 1 b H2o 
c6H11obD I oo2 . b co2 I 5 H2o 1 HDo 
therefor, %(HI D)= 7.07 x 108/12 x 13/109 = 7.b%. 
171 
E) Oxidation of D-glucose-1-d to potassium D-gluconate. 
D-Glucose-1-d (1.00 g) was oxidized following the pro-
cedure of IV C (p. 169 ) • The weight of gluconate 'i:vas 1.23 
g, m.p. 179-180° (dec.), a yield of 94%. The melting point 
of a mixture \V!~ tl1 pot as.:-: i um ,-1 1 ' con 1.te obtained previous! y 
(p. 169 ) was 179-180° (dec.). 
Analysis. A sample of potassium glucon'l.te was dried at 
55° and • 025 mm presEure for 48 hr. The s a .. '11ple was an.'ll yzed 
for deuterium and for carbon and hydrogen. 
The deuterium analysis of the potassium-D-gluconate 
obtained from D-glucose-1-d showed "e~sentially no deuterium 
in it. The ratio was nearly identical to a normal abundance 
sample run through the system at the same time 11 (1). 
Calculated for CbH11o7K : C, 30.76%; H, 4.73%. Found: 
C, 30.39%; H, 4.77%. 
V) Synthesis of methyl-alpha and methyl-beta-D-gluco-
pyranosides. 
A) Synthesis of the hydrogen compounds~ 2 ) 
Anhydrous D-glucose (50.0 g, .278 mole) was added to 
100 g of dry methanol (3) containin[ 3% by weight of hydrogen 
chloride (4) previously heated to boiling in a flask fitted 
(1) Taken from Dr. David R. Christman report. 
(2) A.L. Raymond and E.F. Schroeder, J. Am. Chern. Soc., 70, 
2785 (1948). 
(3) L.F. Fieser, "Experiments in Organic Chemistry~~ 2nd. 
ed., D.C. Heath Co., Boston, Mass., 1941, pp. 359-3oO. 
(4) Ibid, pp. 393-395. 
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\.vi tl! a reflvx conden~er and a C:llcium chloride tube. The 
glucose was dis~rlved with shaking in 10 min. and the 
~:nlvtion W<lS refluxed for 50 min., cooled \Vi.tL ice we1ter, 
seeded ,.,;_ th methy 1- al.•ha-D-gl ucopyrano.5ide (Corn I-rod1 ct s, 
m.p. 105-107°) and allowed to stand in q refrirerntor over 
night. A layer of cry~tals w~~ depo~ited on the walls of the 
flask. The cry~t~l~ '''Ere cnefully mixed with the ~olvtion, 
and allowe0 to st~nd in q refriger~tor for five extra hnur~. 
1'1 or•1er to obtain a better ~'ei,>aratiDn, the n~ixture 
was filtere~ and the f~_ltrate set ;~~ide. Tbe crystalline 
prodvct wa~ \l'a~hed hith two 10 ml. portions of C<:ld methanol. 
Tl~ese 1va~hin"'S were evaporated to dryness, yielding 3.31 g. 
of ~olids which were conbined with the final mother liotors 
of :;,ethyl-al~.Jha-rlccoside. Tte main ~Hod1ct v:eifhed 8.30 g., 
rr.p. 153-161°. It w::•.E' recrysto.llized fror! \!5% etharol, yield-
ing b.l9 g. (.032 mole, 11.5%) melting at lo5-l07°,[<><J I 158° 
'£) 
(C •• 04 g./ml., w2.ter). Silver nitrate teE'.t showed no chloride. 
The fiJ.trate was neutralized by addition of 8.0 g. (.095 
mole) of solid so eli prr bicarbonate. Tt e i:lOr['. ani c salts v;:ere 
remov:d by filtration ~nd weighed 2.94 [., m.p.)230°. The 
filtrate was tben concentrated unc'E'r :1~pirator V1Cl'ltr~' in the 
R. 
,,J.nCO to a tLick sirup we;glling 50.Ll (~ (..) .. 
~.irvp \'}a!' dj ss o1 ved in 50 ml. of r y ethane 1 ( 1) and a hot 
(1) L.F. Fieser, "BxpPrirrents in Organic Chemi::try~' 2nd. 
eel., D.C. PPath Co., 9oston, Mass., 19~1, pp. 35~-359. 
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solvtion of 20.0 g. (.204 mole) of ,)otaE.sium acetate in 100 
ml. of dry etln.nnl wa::: 3dc1ed. ·'\fter 4 i·rs. at room ter:,i:Jera-
tvre witt o~c~sional ~h~king the mixture was stored in a 
refrigerator over night. T~e precipitate of inorganic mate-
rial was sep8.rated by filLr•tion and 1\ei£l•ed 3.11 g., m.p.') 
230°. Tle filtrrtte was concentrated to one Lalf of its 
original voltnre ann cooled. The precipitate consisting of 
H1e Clddi tion ccwplex \vas filter?d and dried and '.\-eiched 
24.9 0 g. (.092 mole), m.p. lo4-lo9 • 
To decornpo~e the addition Q) mplex, the crvde ,_;roduct 
waE dissnlved in 75 ml. of hot methanol an~ treated with a 
hot solution of 13.70 g. (.081 mole) of t~rtaric acid in 
7 5 ml. 0f 95% etlnno1. t\fter one hour, tlie l.Jrecipi ta ted 
)otassium acid tartrate (15.8 g.) was filtered through 
Celite. 'I'l:e filtrate "''as evaporated to 20 ml. 'lnd allowed to 
stand in tLe cold to complete crystallization. The methyl-
beta-D-glvcopyranocide, ~fter filtration and drying weighed 
12.35 g. c.ooo8 mole) and melted at 105-108°,[~J.P - 32.1°, 
measured a~ indicated in p. 189 • A second crop weighed 
.ol g. (.030 mole) and melted at 104-107°. The product was 
obtained as the hemidrate in 24% yield. 
In a seconn experiment 50.0 g. (.278 mole) of D-glucose 
crystallized frorn methanol (p. 167 ) was used. The yield 
of methyl-alpha-D-g1ucopyranoside was 13.5% and that of the 
beta was 21%. 
The methyl-alpha-D-glucopyranoside thus prep:ued 
behaved kinetic~lly the same as Eastman methyl-alpha-0-
glucopyranoside, as shown by runs A-1, 9, 18 and 28 (pp. 
228-231 ). 
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B) Hydrolysis of methyl-alpha and bet~-D-glucopyranoside. 
1) Hydrolysis of the alpha-anomer. 
a) Hydrolysis by hydrochloric acid~l) 
Corn Products methyl-alpha-D-gluco~yranoside (.20 g, 
.0010 mole) was ctissolved in 25 ml of 1 N hydrochloric acid 
and placed in a 50 ml round bottom flask fitted with a 
condenser which was closed by a glass stopper inserted after 
the pressure of the water was equilibrated. The solt~tion 
was heated for varying periods. The yield of D-glucose was 
determined by Senedict 1 s titration (p. 144 ). The results 
of four different experiments are reported in Table 30. 
Table 30 
Hydrolysis of methyl-alpha-D-glucopyranoside by 
hydrochloric acid. 
Temperature Time in hours Oi /0 Yield 
80° 16 19 
80° 70 70 
100° 1.5 51 
100° 15 8o 




1,)) l~ydrolysi,· by Ambcrlite IR-120. 
2orn i roduct s metl1 yl- all~h :t- D-gl t.' co;.J;cr~uv_)~~ ide ( ">0 r· 
• 6 ~~ • ' 
lx.1ttom flasJ.~ fitted witb a condenser vJbich 11Ja!' closed to 
air by a rlass stopper, and 10.0 g. of :1.n1lJerlite IR-120 
(44-<18% water) h'as <::.dele<;. TLe mi~'Ctvre 1Va~ heated for VJrious 
i 1 e r i o d s . 1~ f t e r f i l t r "' t ion of the res in , the y i e 1 d s of 
-:'- gl t.1 cose were determined by ~3enedi ::t 1 ~ analysis. Tl1ey are 
nresented in Table 31. 
Table 31 
Eyr1 rol y::o,i s of n;ethy1- all,)ha-D-!;1 ucopyr anoside by .\.mber lite rr:.-120. 







a. ·,~lle::J. a sol1:tion of D-glucose was heate:~ 't>:ith ,\.mberlite 
IR-120 11nder ~im~_llr conditions, Denedict':c analysis 
i::J.dicated 98% recovery of glucose. 
2) l'ctas itFn-D-fll'conate from r:ethyl-al~}ha- and ;:,etl.yl-
beta-D-glllcop) ranosi-~es. 
a) ; ydrolysis of the :,)yrano::.ides. 
A~berlite IR-120 (20 g., 44-48~ ~ater) was added to a 
solution co:ol;Jo~ed of .2000 g. (.0010 P1ole) of r,1etllyl-al~ha-D-
gll,copyr anoside, .2050 g. (. 0010 rr.ole) of methyl- bet a- D-gll; co-
pyranoside, ;md .:o ml. of water. The ·· i·<:ture v::=t:o heated at 
(1) 1.V.H. ;v:c".dman, ]. Chern. Soc., 3051 (1952). 
176 
100° for 19 hr. The resin was filtered off, the solution 
~iluted to 100 ml and analyzed with Benedict's reagent; 
5.85 ml of this solution contained .0222 g of glucose, 
which corresponds to .38 g of glucose in the total solution, 
representing 100% yield. The solution was evaporated to .41 
g of sirup under water aspirator in a Rinco evaporator. 
b) Oxidation of the sirup V B 2a. 
The sirup (VB 2a), consisting of D-glucose, was dis-
solved in .5 ml of water and 4 ml of methanol, and oxidized 
with iodine according to the procedure IV C (p. 169 ), yield-
ing .41 g of potassium D-gluconate (.00175 mole, 93% yield) 
melting at 17b-177o (dec.). The melting point of a mixture 
with potassium D-gluconate obtained from glucose (p. 169 ) 
was 17o-178°. 
C) Processing of mother liquors from methylation. 
After several unsuccessful attempts at chromatographic 
separation on Whatman Cellulose (1) of the sugars present 
in the methylation mother liquors (pp. 171-174 ), a small 
sample of mother liquor was hydrolyzed using Amberlite IR-
120 according to the method V B lb (p. 175 ) • It was pos-
sible thereby to recover 30% yield by weight of glucose, 
based on the weight of mother liquors used in this hydrol-
(1) I. Augestad and E. Berner, Acta Chern. Scand., 8, 251 
(1954). 
ysis. 
Once this method was established, a large sample was 
processed. The mother liquor from methylation (p. 173 ) 
(45.6 g) was dissolved in 500 ml of distilled water and 
passed downflow through a column of Amberlite IR-120 (p. 
177 
164) at a rate of 1 1./30 min and washed with four 500 ml 
portions of water at the same rate. The combined eluate and 
washings were passed downflow through a column of Duolite 
A-4 (p. 165 ). The column was washed downflow with seven 
500 ml portions of water (rate 1 1./30 min). The combined 
eluate and washings were concentrated to 1 liter at b0° un-
der aspirator vacuum in a Rinco evaporator. The solution 
was transferred to a three neck round bottom flask provided 
with a mechanical stirrer, a condenser and a glass tube pas-
sing through the condenser. A current of nitrogen was passed 
into the flask through the glass tube. Amberlite IR-120 (250 
g, 44-48% water) was added to the solution and the mixture 
was heated on a steam bath, with continuos stirring under a 
slow stream of nitrogen for 24 hr. The mixture was cooled 
at room temperature and the Amberlite separated by filtra-
tion. The yellow filtrate was decolorized by shaking with 
5 g of carbon Norite. The filtered liquid was evaporated to 
dryness at 50° under aspirator vacuum in a Rinco evaporator. 
The resulting sirup was crystallized from methanol, giving 
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19.8 g of crystalline product melting at 137-148°. Recrys-
tallization from methanol gave 16.3 g of crystals melting 
at 1~-o-150°, [oL).D I 59.8° 5 min after dissolution and I 
53.4° at equilibrium (C = .05 g/ml, water). The yield was 
33% based on the original weight of glucose employed. 
D) Synthesis of methyl-alpha and beta-D-glucopyrano-
side-1-d. 
The method of section VA (pp. 171-174 ) was used. The 
yield of methyl-alpha-D-glucopyranoside-1-d was 13%: m.p. 
165-167°, [oi]p I lb0° (C = .05 g/ml, water). Silver nitrate 
test showed no chloride. The melting point of a mixture with 
Corn Products methyl-alpha-D-glucopyranoside was lo5-lo7°. 
A sample of alpha-compound was dried at 55° and .025 mm pres-
sure for 36 hr. The sample was analyzed for deuterium and 
for carbon and hydrogen. Calculated for c7H13o6D: D, 7.14 
atom%; C, 43.07%; HID, 7.70%. Found: D, b.co atom%; 
c, 43.10%; HID, 8.3%*. 
* This value was calculated from the data reported by the 
analyst (H, 7.77%), considering combustion analysis of 
methyl-alpha-glucoside and deuteriated methyl-alpha-gluco-
side, as follows: 
c7H14o6 I 15/2 o2 ---?~ 7 co2 I 7 H2o 
c7H13obn 1 15/2 o 2 7 co2 I o H2o I HDo 
therefor, %(HI D) = 7.77 x 126/14 x 15/127 = 8.3. 
The yield of methyl-beta-D-glucopyranoside-1-d melting 
at 105-108° was 18%, [~J~ I 32.5° (C = .05 g/ml, water). 
Silver nitrate test showed no chloride. The melting point 
of a mixture with methyl-beta-D-glucopyranoside (p. 173 ) 
was 105-108°. A sample of the beta-compound was dried and 
analyzed as described for the alpha-isomer. It lost its 
water of crystallization upon drying and was analyzed as 
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anhydrous form. Calculated for c7H13o6D : D, 7.14 atom %; 
C, 43.07%; HID, 7.70%. Found: D, o.95 atom%; C, 43.0b%; 
HID, 8.4%*. 
* Calculated as for the alpha-anomer: %(HI D) = 7.87 x 
126/14 X 15/127 : 8 ••. 
E) Potassium D-gluconate from methyl-alpha and methyl-
beta-D-glucopyranoside-1-d. 
1) Hydrolysis. 
A mixture composed of .2029 g of methyl-alpha-D-gluco-
pyranoside-1-d (.0010 mole), .2004 g of methyl-beta-D-gluco-
pyranoside-1-d (.0010 mole) and 50 ml of water, was hydro-
lyzed with Amberlite IR-120 (20.0 g, 44-4~% water), as de-
scribed on pp. 175-176 • The yield of D-glucose was 100% 
according to Benedict's analysis. The weight of the sirup 
was .41 g. 
2) Oxidation. 
The sirup obtained from the previous hydrolysis was 
oxidized with iodine as described on p. 169 • The yield of 
the potassium gluconate was .40 g, 92%, m.p. 17b-177°. The 
melting point of the mixture with potassium D-gluconate 
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obtained by oxidation of D-glucose was 17o-178°. 
A sample of gluconate was dried at 55° and .025 mm 
pressure for 50 hr and analyzed for deuterium and for car-
bon and hydrogen. The mass spectrometric analysis showed 
deuterium "slightly over natural abundance between .04 and 
.10 atom%" (1). Calculated for C6H11o7K 
4.73%. Found: C, 30.80%; H, 4.90%. 
c, 30.7o'J'o; H, 
F) Processing of mother liquors from methylation of 
deuteriated sugars. 
Following the procedure reported in V C (p. 176 ), 
it was possible to obtain from the methylation mother liq-
uors a 38% yield of D-glucose-1-d melting at 145-149°, with 
[~]~ I b0.3° 5 min after dissolution and I 53.3° at equi-
librium (C = .05 g/ml, water). 
(1) Taken from Dr. David R. Christman report. 
VI) Kinetics. 
A) Buffer solutions. 
The 1 .M HClo4 , pH 1 and 5 buffers were made up to 
ionic strength 4, while pH 10 and 11 buffers were made up 
to ionic strength 2. Sodium perchlorate was used as inert 
electrolyte. 
These rather high ionic strengths were chosen to make 
possible changes of buffer and chloride concentration with-
out altering the total ionic strength. Solubility limited 
pH 10 and 11 buffers to ionic strength 2. 
Sodium salts were used because they are more soluble 
in water than potassium salts. No other cation was used in 
order to avoid complications. 
The symbols, naraes, components and quantities are 
reported in Tables 32, 33, 34 and 35 (pp. 182-183 ). 
Table 32 
Composition of 1 M HCl04 buffer. 
Symbol Name HCl04 a NaClOt NaCl 
mole/1. mole/ • mole/1. 
1 Chloride O% 1.926 1.960 
2 Chloride 20% 1.914 1.568 .392 
3 Chloride 50% 1.948 .980 .980 
4 Chloride 70% 1.952 • 588 1.372 
5 Chloride 100% 1.948 1.960 
a. This molarity was determined by titration with .4920 N 
sodium hydroxide standarized with potassium biphthalate 
using phenolphthalein as indicator. 
Table 33 
Composition of pH 1 buffer. 
Symbol Name H a a 3P04 NaH2P04 NaC104 NaCl 
mole/1. mole/1. mole/1. aole/1. 
11 100% buffer • 592 .600 2.988 .400 
12 75%buffer .440 .460 3.140 .400 
13 50% buffer .280 .300 3.300 .400 
a. The concentration of H3Po4 and H2Po4 was determined by titration of 5 ml. sample~ with .4920 N sodium hydroxide 
as reported by Kolthoff and Sandell (1), i.e. buffer 11, 
first end point (methyl orange): 
6.02 x .4920 = .592 M in H3Po4 5.00 
1;-2 
second end point (phenolphthalein): 
(18.14 - 2 X 6.02) X .4920/5.00 : .600 M in NaH2P04• 
(1) I.M. Kolthoff and E.B. Sandelli ttTextbook of Quantitati'Ye 















Composition of pH 5 buffer. 
Name NaH2P04 NafHP04 NaClO! 
mole/1. mo e/1. mole/ • 
No chloride 1.600 • 400 1.200 
100% buffer 1.600 .400 .Boo 
75% buffer 1.200 .300 l. 500 
50% buffer .800 .200 2.200 
25% buffer .400 .100 2.900 
50% chloride 1.600 .400 1.000 
200% chloride 1.600 .400 .400 
Table 35 
Composition of pH 10 and a 11 buffers. 
Name NafHP04 NaOH NaClOl.J. 
mo e/1. mole/1. mole/1. 
pH 10 buffer .200 .067 1.400 
100% buffer .200 .200 1.360 
75% buffer .150 .150 1.520 












a. Symbol 101 refers to pH 10 and symbols 111, 112, 113 
refer to pH 11. The concentration of Na 2HP04 and the ionic strength was calculated assuming that all the 
phosphate is present as HP04 and taking (HO-) = 0. 
This gives~= 2.o4 for buffer 101 and 2.06 for 
buffer 111. 
R) pH measurements. 
The pH of the pH 1, 5, 10 and 11 buffers were taken 
with a Beckman model G pH meter. The instrument was cali-
brated with pH 4 Beckman buffer for buffers of pH 1 and 5, 
and with pH 10 Beckman buffer for buffers of pH 10 and 11. 
The measurements of 1 M hCl04 buffers were taken with a 
"Zeromatic'' Beckman pH meter, calibrated with pH 4 :Seckman 
buffer, because with a Beckman model G pH meter the needle 
went off scale in 1 M HCl04 • The results obtained with the 
"Zeromaticu pH meter are doubtful, however, because in so-
lotions of very high acid concentration the glass electrode 
is not accurate (1). 
The temperature of the mixtures was 25 I 1°. The meas-
urements were taken on the buffers diluted with an equal 
volume of distilled water. In the case of buffers of pH 5 
and 11, a second series of measurements were taken with the 
buffers diluted with an equal volume of chlorine water. For 
1 M HCl04 and pH 1 buffers measurements were not taken with 
chlorine water, because of the volatility of chlorine at 
these pHs. 
For each measurement, a mixture of 3.00 ml of buffer, 
3.00 ml of distilled water or 3.00 ml of chlorine water, was 
(1) H.H. Willard, L.L. Merritt and J.A. Dean, "Instrumental 
Methods of Analysis~' 2nd. ed., D. Van Nostrand Co., Inc., 
N.Y., 1955, p. 199. 
used. In some cases, .oOO g of D-glucose or methyl-alpha-
D-glucopyranoside was added to the mixture. Methyl-beta-D-
glucopyranoside was not used because insufficient quantities 
were available. The results are reported in Table 3o. 
Table 36 
















































glu- methyl No glu- methyl 
alpha cose alpha sugar cosea 















10.18 9.77 10.22 







a. Glucose was dissolved in the mixture and the measurements 
were taken immediately after dissolution (ca. 3 min). 
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C) Interaction of sugars with buffers. 
The interaction of sugars with buffers was followed 
by observing the change with time in optical rotation of 
10% solutions of carbohydrate in buffer diluted 1:1 with 
water. These experiments were carried out at room temperature. 
1) Optical rotation of D-glucose. 
One gram of D-glucose was weighed by difference in a 
10 ml. volumetric flask and dissolved in 2 ml. of distilled 
water, the time for complete dissolution being approxima-
tely 1 min. Buffer solution (5.00 ml.) was added and the 
solution diluted with distilled water to 10.00 ml. zero 
time was taken at the moment of addition of the buffer. The 
measurements taken in a polarimeter tube 10 em. long are 
recorded in Table 37. 
Because of the rapid epimerization of glucose at pH 11, 
two parallel experiments were performed, one under the same 
conditions as before, that is with diluted buffer and 10% 
of sugar, and the other with undiluted buffer and 20% of 
sugar. The readings were taken in a polarimeter tube 20 em. 
long. The total volume of each solution was 25 ml. The 
results are recorded in Table 38. 
Table 37 
Optical rotation of D-glucose. 
1 M HCl04 
Glucose 
1.0020 g. 
Time o< [ o<-Jp 
hrs. deg. deg. 
* .08 5.27 52.6 
.10 5.27 52.6 
.12 5.27 52.6 
.13 5. 27 52. 6 
.23 5.26 52.5 
3.0 5.27 52.6 
16.0 5.27 52.6 
29.0 5.29 52.8 
45.0 5.30 52.9 
7 3. 0 5. 26 52. 5 
93.0 5.27 52.6 
pH 1 pH 5 pH 11 
Glucose Glucose Glucose 
.9989 g. 1.0003 g. .9997 g. 
Time / [<><'lP Time / [o<JJ? Time !?( [ c/b 
hrs. deg. deg. hrs. deg. deg. hrs. deg. deg • 
• 07 8.18 81.9 .08 5.?0 55.0 *.07 5.13 51.3 
.08 7.47 74.8 .10 5.4-3 51+.3 .08 5.09 50.9 
.10 7.08 70.9 .12 5.30 53.0 .10 5.05 50.5 
.12 6.74 67.5 *.13 5.23 52.3 .12 5.10 51.0 
.13 6.47 64.8 .15 5.25 52.5 .13 5.11 51.1 
.15 6.19 62.0 .17 5.24 52.4 .28 5.06 50.6 
.17 5.91 59.2 22.0 5.24 52.4 .42 5.05 50.5 
.18 5.86 58.7 43.0 5.24 52.4 17.0 4.03 40.3 
.20 5.74 57.5 48.0 5.24 52.4 21.0 3.71 37.1 
.22 5.56 55.7 72.0 5.25 52.5 40.0 2.82 28.2 
.23 5.49 55.0 96.0 5.26 52.6 45.0 2.30 23.0 
*.25 5.43 54.4 65.0 1.38 13.8 
1.00 5.17 51.8 70.0 1.26 12.6 
2.5 5.16 51.7 74.5 1.02 10.2 
5.0 5.20 52.1 90.0 .73 7.3 
20.0 5.21 52.2 94.0 .71 7.1 
31. 0 5. 22 52. 3 
46.0 5.22 52.3 
73.0 5.23 52.4 
95.0 5.23 52.4 
*Time to reach *Time to reach *Time to reach *Time to reach 
eq. < 5 min. eq. -...15 min. eq • ....._, 8 min. eq. < 4 min. 
A'Ve. [,tJpat eq. Ave.f..c).o at eq. Ave. [c<-0at eq. 
~ 52.6 ~ 52.2 ~ 52.4 
The specific rotation for equilibrated D-g1ucose is 
0 ~ 52.7 ( 1). 
( 1) W. Pigman, "The CarbohydratesV A cad. Press Inc. Publishers, 
N.Y., 1957, p. 50. 
Table 38 
Optical rotation of D-glucose at pH 11. 
Diluted buffer 
2.,006 g. in 2,.00 
ml. of solution. 
Time ~ [ o<)p 
hrs. deg. deg. 
• 33 10.07 50.3 
.,o 10.05 50.2 
.67 10.02 50.1 
.83 9.93 49.6 
1.00 9.88 49.4 
1.25 9.88 49.4 
1.50 9.87 49.3 
1.83 9.80 48.9 
2.38 9.59 47.9 
2.92 9.39 46.9 
3.67 9.19 45.9 
4.75' 8.81 44.0 
6.00 8.27 41.3 
10.75' 6.87 34.3 
24.5'0 6.32 31.6 
28.5'0 4.78 23.9 
Concentrated buffer 
4.9997 g. in 25.00 
ml. of solution. 
Time ,/ I r>{]o 
hrs. de g. deg • 
.33 20.09 5'0.2 
• 50 19.99 5'0.0 
.67 19.99 5'0.0 
.83 19.88 49.7 
1.00 19.82 49.6 
1.25 19.76 49.4 
1.5'0 19.68 49.2 
1.83 19.5'4 48.9 
2.40 19.34 48.4 
2.92 19.07 47.7 
3.67 18.69 46.7 
4.75 18.24 45'.6 
6.00 17.29 43.2 
10.75 14.91 37.3 
24.5'0 11.98 30.0 
28. 5'0 11.37 28.~ 
Evidently, in epimerization of D-glucose, there is no 
difference in rate when the diluted buffer is replaced by 
concentrated buffer. 
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2) Optical rotation of methyl-beta-D-glucopyranoside. 
Two tenths of a gram of methyl-beta-D-glucopyranoside 
was weighed by difference in a 2 ml volumetric flask and 
dissolved in 1 ml of buffer solution (time for dissolution 
approximately 1 min). The mixture was diluted with dis-
tilled water to 2 ml. The measurements were taken in a 10 
em semimicro polarimeter tube. The readings are reported 
in Table 39. The specific rotation was calculated from the 
following formula, v.rhich includes correction <~6j) for the 
anhydrous form: 
= 2.00 (~) ( sugar wt • ) ··-x...<.....,.l ..... 9-4-./""""2_0..,..3 
Table 39 
Optical rotation of methyl-beta-D-glucopyranoside~ 
1 M HCl04 pH 1 pH 5 pH 11 
.1993 g sugar .1987 g svgar .2018 g sugar .2009 g sugar 
Time p( [of]/) Time e< [ot]p Time c<. [rX.ly Time c< [o.t]J) hr deg deg hr deg deg hr deg deg br deg deg 
.08 2.98 31.3 .12 3.07 32.3 .08 3.01 31.2 .10 3.08 32.1 
1.0 2.98 31.3 1.0 3.08 32.4 .5 3.03 31.4 .33 3.01 31.4 
21.0 3.00 31.5 2.5 3.08 32.4 22.0 3.01 31.2 17.0 3.08 32.1 
29.0 2.98 31.3 5.0 3.08 32.4 43.0 3.01 31.2 21.0 3.07 32.0 
45.0 2.99 31.4 20.0 3.08 32.4 48.0 3.02 31.3 40.0 3.03 3l.o 
53.0 2.98 31.3 2o.O 3.08 32.4 72.0 3.01 31.2 45.0 3.07 32.0 
b8.0 2.99 31.4 31.0 3.07 32.3 9b.O 3.03 31.4 b5.o 3.12 32.5 
73.0 2.99 31.4 4o.O 3.08 32.4 70.0 3.07 32.0 
93.0 3.03 31.8 54.0 3.08 32.4 74.5 3.14 32.7 
75.0 3.10 32.7 90.0 3.16 33.0 
95.0 3.11 32.8 94.0 3.13 32.b 
Ave. [o<..]p - 31.4 Ave. [ o<..lv - 32.4 Ave. [o<~ - 31.3 Ave. [~lp- 32.2 
a. r~J.JJ = 
-
32.5° in water (1). 
(1) G.N. Bollenback,"Jvlethy1 glucoside. Preparation. Physical 
constants. Derivatives~~ Acad. Press Inc., N. y •' 1958, p. 20. 
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3) Optical rotation of methyl-alpha-D-glucopyranoside. 
One gram of methyl-alpha-D-glucopyranoside was weighed 
by difference in a 10 ml. volumetric flask and dissolved in 
2 ml. of buffer solution (time for dissolution approximately 
1 min.). The mixture was diluted with distilled water to 10 
ml. Measurements taken in a 10 em. polarimeter tube are 
recorded in Table 40. 
Table 40 
Optical rotation of methyl-alpha-D-glucopyranoside. 
1 M HCl04 pH 1 pH 5 pH 11 
• 9991 g. sugar -9987 g. sugar .9982 g. sugar 1.0000 g • 
Time v< I~]p Time ,_..( L-L]p Time / L~Jp Time ./ 




• 1 15.83 158.4 .1 15.82 158.4 .1 15.84 158.7 .1 15.80 158.0 
1.0 15.79 158.0 1.0 15.77 157.9 .5 15.85 158.8 .3 15.80 158.0 
16.0 15.80 158.1 2.5 15.74 157.6 22.0 15.84 158.7 17.0 15.77 157.7 
24.0 15.80 158.1 5.0 15.78 158.0 43.0 15.83 158.6 21.0 15.80 158.0 
45.0 15.81 158.2 20.0 15.82 158.4 48.0 15.82 158.5 40.0 15.78 157.8 
54.0 15.83 158.4 26.0 15.82 158.4 72.0 15.85 158.8 45.0 15.77 157.7 
69.0 15.80 158.1 31.0 15.81 158.3 96.0 15.86 158.9 65.0 15.83 158.3 
72.0 15.78 157.9 46.0 15.82 158.4 70.0 15.78 157.8 
93.5 15.76 157.7 54.0 15.84 158.6 74.5 15.84 158.4 
75.0 15.86 158.8 90.0 15.95 159.5 
95.0 15.92 159.4 94.0 15.94 159.4 
Ave.[c-!L" 158.1 Ave. r~-fp" 158.4 Ave.Io<'1" 158.7 Ave.[~}_p" 158.2 
The specific rotation of methyl-alpha-D-glucopyranoside 
in water is "159 (1). 
(1) G.N. Bollenback, "Methyl glucoside. Preparation. Physical 
constants. Derivativesy Acad. Press Inc., N.Y., 1958, p. 20. 
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D) Preparation of chlorine water. 
Chlorine water was prepared by passing chlorine gas 
at room temperature first through a black painted washing 
bottle containing 150 ml of freshly boiled distilled water, 
and then through a 1 liter black painted round bottom flask 
containing 500 ml of freshly boiled distilled water (Figure 
23) and set on a baL:wce. The eas was dispersed in the 
round bottom flask through a sintered glass bubbler. The 
solution was saturated in 30 min. Weight of the water soln-
tion was recorded periodically (see Table 41). The gas flow 
was observed by bubbling the escaping chlorine through water 
contained in a clear flask. 
Table 41 
Chlorine absorption. 
Time Weight of water 































The chlorine water was stored in a refrigerator in the 
flask in which it was prepared, closed with a glass stopper. 
M. Saxe (1) has reported that chlorine water thus prepar-
ed is stable towards decomposition on long storage in the 
dark under refrigeration. 
E) Method of analysis. 
The method of analysis consisted in introducing an 
qliquot of reaction mixture into a previously weighed mixture 
of 1 ml. of 2% potassium iodide solution and 2 ml. of 1 N 
hydrochloric acid for measurements at 1 11 HGl04, pH 1 and 5, and 
2 ml. of 2 N hydrochloric acid for measurements at pH 10 and 
11, and weighing the solution again. The liberated iodine 
was titrated with 1/250 N sodium thiosulfate to a starch end 
point (2) using a 5 ml. semimicro burette gradu?ted in .01 ml. 
units. 
Potassium iodide solution (2%) was very stable to air 
oxidation. After 25 days at room temperature, 5 ml. of this 
solution needed less than .01 ml. of 1/250 N sodium thiosulfate 
to decolorize the blue color produced by starch solution. 




H.H. Saxe, Ph.D. Dissertation, Boston University, 1954, 
pp. 19, 91. ' 
I.M. Kalthoff and E.B. Sandell, "Textbook of Quantitative 
Inorganic Analysis~ The Macmillan Co., N.Y., 1948,pp. 
617-623. 
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When a mixture of 1 ml of 2% potassium iodide solu-
tion and 2 ml of 1 N hydrochloric acid was let stand 2 hr 
at room temperature, it developed slight blue color with 
starch indicator which was decolorized with less than .01 
ml of 1/250 N sodium thiosulfate. In order to eliminate 
errors, the potassium iodide solution was acidified with 
hydrochloric acid just before adding the aliquot of reac-
tion mixture. The liberated iodine was titrated with sodium 
thiosulfate in about 5 min after addition of the reaction 
mixture. 
F) Standard procedure for carrying out a kinetic 
experiment. 
The sugar was weighed by difference in a 25 ml erlen-
meyer flask. Five milliliters of appropriate buffer at room 
temperature was pipetted into this flask, and the flask 
plus contents weighed again. The sugar was dissolved in the 
buffer. 
Five milliliters of chlorine water (refrigerator temper-
ature) was pipetted into an erle1ooeyer flask which had been 
painted black and was weighed by difference. 
Both flasks were stored in a thermostat at 25.00 f .05° 
for 30 min. 
A 10 ml black painted hypodermic syringe, provided with 
an adapter (Figure 24) was used as reaction vessel. The bottom 









Syringe Adapter for Syringe 
Fiyure 24. Svringe reilctor. 
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of paper with a scale graduated in .2 ml. units which had 
been copied from the barrel was glued to the inside of the 
plunger. The joint of the syringe barrel, which had been 
ground to fit the adapter, was lubricated with Fisher's Cello-
Seal lubricant. The adapter, with its tip closed with a 
rubber dropper bulb, was attached to the barrel (see Figure 
24) and the unit thermostated for 30 min. prior to filling. 
This procedure was a slight modification of that reported 
by Lichtin and Saxe (1). 
The chlorine water was poured into the flask containing 
the sugar and the buffer solution and initial time of reac-
tion taken as the time of mixing. The solution was carefully 
stirred and the mixture poured into the syringe barrel. Air 
pockets above the solution in the syringe were removed by 
inverting the syringe and pressing the plunger. Once all 
air pockets were removed, the rubber bulb was attached to 
the adapter and the syringe was returned to the thermostat. 
At periodic time intervals, the reaction vessel was re-
moved from the thermostat, the syringe adapter dryed with 
a to~el,and after the elimination of the first drop, a one 
half to one gram sample was ejected with the tip of the adapt-
er below the surface of a quenching mixture of the type 
(1) N.N. Lichtin and M.H. Saxe, J. Am. Chem. Soc., zz, 1875 
(1955). 
described in VI E (p. 193 ). 
At the end of each run the density of the solution was 
measured with a 1.612 ml. pycnometer, the volume of which 
was determined by calibration using water. 
The data of all kinetic runs are reported in the 
Appendix (pp. 201-232 ). 
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Sources of reagents. 
Name 





Barium oxide (Anhydrous) 
Bayol 85 
Buffer solution pH 4 






















Perchloric acid (70%) 
Petroleum ether (b.p. 30-t0°) 












Baker Analyzed Reagent 
The Matheson Co., Inc. 
Rohm & I lass Co. 
Baker Analyzed Reagent 
Arthur H. Thomas Co. 





Howe & French Inc. 
The Mathe son Co., Inc. 
Baker Analyzed Reagent 
Cl:emical Proces.::: Co. 
Baker Analyzed Reagent 
Daker Analyzed Reagent 
Baker Purified 
Fisher Scientific Co. 
Merck Rea~ent 
Micro Essential Laboratory, N.~ 
Baker Analyzed Reafent 
Air co 
Baker Analyzed Reagent 
Eastman Organic Chemicals 
Baker Purified 
Baker Analyzed Reagent 
Eastman Organic Chemicals 
l\11etal Hydrides Inc. 
Air co 
The Matheson Co., Inc. 
Baker Analyzed Reagent 
The Matheson Co., Inc. 
Baker Analyzed Reagent 
The Matheson Co., Inc. 
Merck 
Baker Analyzed Reagent 
Baker Analyzed Reagent 
Baker Analyzed Reagent 
Baker Analyzed Reagent 
Baker Analyzed Reagent 
Baker Analyzed Reagent 
Baker Analyzed Reagent 





























Baker Analyzed Reagent 
Baker Analyzed Reagent 
Baker Analyzed Reagent 
Metal Hydrides Inc. 
Fisher Scientific Co. 
Metal Hydrides Inc. 
Baker 
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The G. Frederic Smith Chemical<m. 
Baker Analyzed Reagent 
Mallinckrodt Reagent 
Merck Reagent 
Baker Analyzed Reagent 
Baker Analyzed Reagent 
Eastman Organic Chemicals 
































































































































Guide to tables of kinetics of oxidation. 
R.u_ll __ #. Series 0 refers to decomposition of oxidant. 
Series G refers to glucose. 
Series B refers to methyl-beta-D-glucopyranoside. 
Series A refers to methyl-alpha-D-glucoJyran6side. 
Bl}_f.fet:. The composition of buffers is given in Tables 
32 to 35 (pp. 182-123 ) , and their pH in Table 3v (_t>. 1,':'5' ) • 
Oxidant. Chlorine water was prepared as reported on p. 
191 • The oxidant concentration is given in milliequivalents/ 
gram, as determined by iodometric titration (p. 193 ). 
(Ox) 0 stands for initial concentration of oxidant. It 
was determined by extrapolation to zero time of the corre-
sponding plot of oxidant concentration versus time in sec-
onds. 
"R.::tte constants. 
k' is the rate constant determined graphically on a 
pseudo zero order in sugar basis. 
k and k'' are over all rate const:::tnts in weight and 
volume basis units respectively. The over all rJ.te const:tnt 
k was obtained from the pseudo order rate constant (k'), 
the concentration of sugar in mole/kg and from the order in 
sugar (n) (seep. ro ), as follows: k = k'/(sugar)n. 
Rate constants in units of kilograms (k) were converted 
to liters (k'') with the aid of measured densities. 
Table 42 
Decomposition of chlorine water: Composition of solutions. 
Run# pH Buffer Oxidant (Ox) 0 Density # Vol. Weight Vol. Weight meq./g. g./ml. %Rx 
ml. g. ml. 
0-1 1M HCl04 1 5.00 6.2309 5.00 4.9964 .0206 1.066 11 
0-2 1 11 5.00 6.4976 5.00 4.9790 .0283 1.093 12 
0-3 5 51 5.00 6.2185 5.00 4.9864 .0232 1.065 29 
o-4 11 111 5.00 5.6372 5.00 4.9731 .0316 1.070 15 
Table 43 
Decomposition of chlorine water: Kinetic data. 
# 0-1 # 0-2 # 0-3 # o-4 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
days meq./g~ days meq./g. days meq./g. days meq./g. 
.08 .0206 .08 .0283 .o8 .0232 .02 .0316 
1.0 .0199 1.0 .0280 3.0 .0200 2.0 .0312 
3.0 .0198 1.5 .0262 5.0 .0194 7.0 .0317 
5.0 .0188 2.5 .0257 7.0 .0184 10.0 .0266 
7.0 .0181 3.0 .0257 9.0 .0187 13.0 .0277 
10.0 .0183 5.0 .0260 13.0 .0169 16.0 .0269 






Kinetics of oxidation of D-glucose: Composition of solutions. 
1 M HCl~ 
Run # Purpose (Cl-) . Buffer Oxidant (Ox) 0 Sugar 
mole/1. # Vol. Weight Vol. Weight meq.Jg. Wt. 
Density %Rx 104 k' 
g./ml. sec;l 
ml. g. ml. g. g. 
G- 1 Order in Ox 1 ;.oo 6.2360 ;.oo 4.9889 .oo88 1.0000 1.084 94 2.60 
G- 2 Order in Ox 1 ;.oo 6.2293 ;.oo 4.97~7 .0154 1.0000 1.081 90 2.57 
G- 3 Order in Ox 1 3.00 3.7522 3.00 2.99 4 .0237 .6000 1.088 85 2.62 
G- 4 Order in sugar 1 ;.oo 6.2289 ;.oo 4.9573 .0146 .1998 1.125 66 • 53 
G- 5 Order in sugar 1 ;.oo 6.2333 ;.oo 4.9758 .0134 1.9993 1.110 96 5.22 
G- 6 Chloride eff .20 2 ;.oo 6.1460 ;.oo 4.9860 .0202 1.0003 1.080 90 2.54 
G- 7 Chloride eff .49 3 ;.oo 6.2352 ;.oo 4.9907 .0138 1.0001 1.121 90 2.39 
G- 8 Chloride eff .69 4 ;.oo 6.2333 ;.oo 4.9887 .0158 1.0002 1.120 88 2.30 
G- 9 Chloride eff .69 4 ;.oo 6.2;11 ;.oo 4.9890 .0162 1.0007 1.122 88 2.34 
G-10 Chloride eff .98 5 ;.oo 6.2097 ;.oo 4.9863 .0141 1.0000 1.109 87 2.28 
G-11 Isotope eff 1 3.00 3.7345 3.00 2.9958 .0126 .6002 1.089 63 .95 




Table 44 Continued 
pH 1 
Run # Purpose (Cl-) 
mole/1. 
Buffer Oxidant (Ox) Sugar 
# Vol. Weight Vol. Weight meq.,g. Wt. 
Density %Rx 104 k' 
g./ml. sec;l 
ml. g. ml. g. g. 
G-13 Order in Ox .20 11 5.00 6.4675 5.00 4.9942 .0174 1.0002 1.114 84 3.10 
G-14 Order in Ox .20 11 5.00 6.4858 5.00 5.0052 .0231 .9992 1.113 94 3.07 
G-15 Order in Ox .20 11 5.00 6.4621 5.00 4.9960 .0387 1.0002 1.113 84 3.10 
G-16 Order in Ox a .20 11 3.00 3.8962 3.00 2.9989 .0240 .6001 1.113 86 3.26 
G-17 Buff cat 50% .20 13 5.00 6.4721 5.00 4.9959 .0200 1.0004 1.173 91 2.42 
G-18 Buff cat 75%a .20 12 5.00 6.4948 5.00 5.0013 .0160 1.0000 1.115 94 2.63 
G-19 Isotope eff .20 13 3.00 3.8659 3.00 3.009~ .0229 .5999 1.172 75 1.13 
G-20 Isotope eff .20 11 3.00 3.8996 3.00 3.0045 .0239 .6002 1.138 79 1.41 




Table 44 Continued 
pH 5 
Run # Purpose (Cl-) Buffer Oxidant (Ox) Sugar Density %Rx 104 k' 
mole/1. # Vol. Weight Vol. Weight meq.?g. Wt. g./ml. sec;l 
ml. g. ml. g. g. 
G-21 Order in Ox 50 5.00 6.2415 5.00 4.9737 .0357 1.0002 1.092 93 2.5? 
G-22 Order in Ox .20 51 5.oo 6.181o ?.oo 4.9652 .0125 1.0006 1.088 78 2.76 
G-23 Order in Ox .20 51 5.00 6.1694 5.00 4.9818 .0349 1.0002 1.089 83 3.24 
G-24 Order in Ox .20 51 5.00 6.1764 5.00 4.9909 .0380 1.0000 1.089 89 3.3? 
G-25 Order in Ox .20 51 5.00 6.1835 5.00 4.9~59 .0528 1.0008 1.087 90 3.55 
G-26 Order in Ox .20 51 3.00 3.7257 3.00 2.9 15 .0385 .6001 1.091 83 3.28 
G-27 Order in sugar .20 51 5.00 6.1872 5.00 4.9906 .0393 .2011 1.068 73 .96 
G-28 Order in sugar .20 51 5.00 6.2033 5.00 4.9691 .0370 .4997 1.082 74 1.89 
G-29 Order in sugar .20 51 5.00 6.2159 5.00 4.9976 .0280 1.9999 1.113 81 5.27 
G-30 Order in sugar .20 51 5.00 6.1813 5.00 4.9604 .0376 2.0009 1.111 90 5.52 
G-31 Buff cat 25% .20 54 5.00 6.3491 5.00 4.9897 .0265 1.0000 1.095 63 1.23 
G-32 Buff cat 50%8 .20 53 5.00 6.2681 5.00 4.9922 .0286 1.0001 1.097 74 2.14 
G-33 Buff cat 75%8 .20 52 5.00 6.2324 5.00 4.9884 .0304 1.0005 1.094 ~~ 2.62 G-34 Chloride eff .10 55 5.00 6.2312 5.00 4.9734 .0203 1.0001 1.0~5 2.52 G-35 Chloride eff .40 56 5.00 6.1101 5.00 4.9828 .0206 1.0000 1.0 4 76 3.26 
G-36 Isotope eff .20 54 3.00 3.8146 3.00 2.9900 .0279 .6000 1.095 ~~ .87 G-37 Isotope eff .20 53 3.00 3.7907 3.00 2.9930 .0366 .6000 1.097 1. 58 
G-38 Isotope eff .20 52 3.00 3.7313 3.00 3.0019 .0404 .6000 1.095 85 1.95 
G-39 Isotope eff .20 51 3.00 3.7202 3,00 2.9948 .0460 .6000 1.094 83 2.44 




Table 44 Continued 
Run # Purpose (Cl-) Buffer Oxidant (Ox) Sugar Density %Rx 104 k' 
mole/1. # Vol. Weight Vol. Weight meq.?g. Wt. g./ml. sec;l 
ml. g. ml. g. g. 
pH 11 
G-40 Order in Ox 111 5.00 5.6450 5.00 4.9762 .0274 1.0004 1.037 95 18.62 
G-41 Order in Ox 2hrs~ 111 5.00 5.6505 5.00 4.9850 .0346 1.0002 1.036 90 18.57 
G-42 Order in Ox 111 3.00 3.3788 3.00 2.9~g2 .0301 .6002 1.034 94 18.30 
G-43 Order in sugar 111 5.00 5.6382 5.00 4.9 4 .0307 .2001 1.013 71 1.90 
G-44 Order in sugar 111 5.00 5.6434 5.00 4.9913 .0295 .4996 1.022 80 6.35 
G-45 Order in sugar 111 5.00 5.6447 5.00 4.9801 .0228 1.4993 1.048 95 34.39 
G-46 Order in sug~r 111 5.00 5.6419 5.00 4.9865 .0245 2.0002 1.062 96 54.40 
G-47 Buff cat 75% 112 5.00 5.6531 5.00 4.9896 .0320 1.0003 1.038 95 18.51 
G-48 Chloride eff .20 113 5.00 5.5746 5.00 4.9686 .0325 1.0003 1.030 89 17.86 
G-49 Isotope eff 111 3.00 3.3849 3.00 2.9939 .0307 .6000 1.035 83 8.28 
pH 10 
G-50 Order in Ox 101 5.00 5.6146 5.00 4.9648 .0227 1.0000 1.035 91 12.98 
a. Glucose was let stand two hours in the buffer prior to oxidation. 




Kinetics of oxidation of methyl-beta-D-glucopyranoside: Composition of solutions. 
Run # Purpose (Cl-) Buffer Oxidant (Ox) 0 Sugar Density %Rx 104 k' 
mole/1. # Vol. Weight Vol. Weight meq.lg. Wt. g./ml. sec;l 
g. 
1 M HCl04 
B- 1 Order in Ox 1 3.00 3.7511 3.00 3.0077 .0079 .6000 1.080 88 .86 
B- 2 Order in Ox 1 3.00 3.7457 3.00 2.9901 .0176 .6004 1.089 89 .88 
B- 3 Order in sugar 1 3.00 3.7486 3.00 2.9885 .0149 .1238 1.069 69 .20 
B- 4 Order in sugar 1 3.00 3.7425 3.00 2.9912 .0097 1.1998 1.095 89 1.71 
B- 5 Chloride eff .98 5 3.00 3.3326 3.00 2.9892 .0202 .6016 1.051 75 .86 
B- 6 Isotope eff 1 2.00 2.5058 2.00 1.9890 .0078 .3997 1.079 70 • 50 
pH 1 
B- 7 Order in Ox .20 11 3.00 3.8939 3.00 2.9893 .0193 .6002 1.108 96 1.26 
B- 8 Order in Ox .20 11 3.00 3.8985 3.00 2.9913 .0223 .6000 1.103 89 1.00 
B-~ 9 Order in Ox .20 11 3.00 3.9015 3.00 2.9895 .0339 .6000 1.105 82 .88 
B-10 Buff cat 50%8 .20 13 3.00 3.9027 3.00 2.9973 .0189 .6001 1.103 94 1.08 
B-11 Isotope eff .20 11 2.00 2.5860 2.00 1.9927 .0138 .3996 1.105 84 .85 




Table 45 Continued 
Run # Purpose (Cl-) Buffer Oxidant (Ox) Sugar Density %Rx 104 kl 
mole/1. # Vol. Weight Vol. Weight meq.?g. Wt. g./ml. sec'; 
ml. g. ml. g. g. 
pH 5 
B-12 Order in Ox .20 51 3.00 3.7154 3.00 2.9980 .0168 .5998 1.083 80 1. 52 
B-13 Order in Ox .20 51 3.00 3.913 3.00 2.9981 .0294 .6002 1.096 92 1.23 
B-14 Order in Ox .20 51 3.00 3.7510 3.00 3.0005 .0512 .5998 1.086 82 1.08 
B-15 Order in sugar .20 51 3.00 3.6972 3.00 2.9955 .0304 .1471 1.094 62 .45 
B-16 Order in sugar .20 51 3.00 3.~191 3.00 3.0090 .0292 1.2003 1.099 79 2.15 
B-17 Buff cat 25% .20 54 3.00 3. 111 3.00 3.0016 .0266 .6000 1.092 70 .84 
B-18 Buff cat 5o%a .20 53 3.00 3.7730 3.00 3.0128 .0292 .6004 1.088 79 1.07 
B-19 Chloride eff .40 56 3.00 3.6769 3.00 3.0026 .0272 .6003 1.0~7 6~ 1.15 B-20 Isotope eff .20 51 2.00 2.4583 2.00 1.9802 .0239 .4001 1.0 8 1.09 
pH 11 
B-21 Order in Ox 111 3.00 3.4040 3.00 3.0067 .0209 • 5999 1.030 83 .29 
B-22 Order in Ox 111 3.00 3-3970 3.00 2.9911 .0304 • 5998 1.031 80 .18 
B-23 Order in Ox 111 3.00 3.3769 3.00 3.0000 .0383 .6004 1.028 74 .14 
B-24 Order in sugar 111 3.00 3.3866 3.00 2.9968 .0378 .1476 1.012 51 .03 
B-25 Order in sug~r 111 3.00 3.3915 3.00 2.9802 .0327 1.1998 1.046 87 .43 
B-26 Buff cat 75% 112 3.00 3.4096 3.00 3.0130 .0318 • 5998 1.030 89 .16 
B-27 Chloride eff .20 113 3.00 3.3443 3.00 2.9999 .0329 .6000 1.090 78 .17 
B-28 Isotope eff 111 2.00 2.2503 2.00 2.0052 .0307 .4000 1.029 74 .16 
pH 10 
B-29 Order in Ox 101 3.00 3.3786 3.00 2.9988 .0293 .6002 1.027 88 .82c 
a. Cf. footnote Table 44, pH 5 buffer (p. 205 ). 
b. Cf. footnote Table 44, pH 11 buffer (p. 206 ). 5 1 [\) c. Run B-29 is half order in oxidant and the units of k'x 10 are (mole/kg.)2 sec:l 0 :-D 
-Table 46 
Kinetics of oxidation of methyl-alpha-D-glucopyranoside: Composition of solutions. 
Run # Purpose (Cl-) Buffer Oxidant (Ox) 0 Sugar Density %Rx 104 k' 
mole/1. # Vol. Weight Vol. Weight meq.lg. Wt. g./ml. sec;l 
ml. g. ml. g. g. 
1 M HCl04 
A- 1 Order in Ox 1 5.00 6.2389 5.00 4.9437 .0143 1.0001 1.082 87 .20 
A- 2 Order in Ox 1 5.00 6.2274 5.00 4.9942 .0255 1.0000 1.082 88 .20 
A- 3 Order in sugar 1 5.00 6.2413 5.00 4.9747 .0151 .2658 1.068 70 .10 
A- 4 Order in sugar 1 5.00 6.2243 5.00 4.9881 .0166 2.0002 1.100 89 .37 
A- 5 Chloride eff .49 3 5.00 6.2291 5.00 4.9778 .0181 1.0000 1.069 66 .18 
A- 6 Chloride eff .98 5 5.00 6.2104 5.00 4.9766 .0168 1.0002 1.088 82 .17 
A- 7 Isotope eff 1 2.00 2.4992 2.00 1.9947 .0097 .4001 1.082 72 .21 
pH 1 
A- 8 Order in Ox .20 11 5.00 6.4660 5.00 4.9894 .0125 1.0000 1.108 81 .23 
A- 9 Order in Ox .20 11 2.00 2-~?'t- 2.00 1.9934 .0159 .3998 1.108 69 .23 
A-10 Order in Ox .20 11 5.00 6. 667 5.00 4.9768 .0241 1.0009 1.108 70 .17b 
A-ll Order in Ox .20 11 5.00 6.4525 5.00 4.9770 .0378 .9997 1.106 89 .23b 
A-12 Buff cat 50%a .20 13 5.00 6.2333 5.00 4.9769 .0277 .9998 1.107 54 .15b 
A-13 Isotope eff .20 11 2.00 2.5989 2.00 1.9912 .0160 .4o01 1.108 80 .22 
A-14 Isotope eff .20 11 2.00 2.5872 2.00 1.9947 .0252 .4000 1.108 73 .18b 
a. Cf. footnote Table 44, pH 1 buffer ( p. 204 ) • 




Run # Purpose 
A-15 Order in Ox 
A-16 Order in Ox 
A-17 Order in Ox 
A-18 Order in Ox 
A-19 Order in sugar 
A-20 Order in sugar 
A-21 Buff cat 25%a 
A-22 Buff cat 5o%a 
A-23 Chloride eff 
A-24 Isotope eff 
Table 46 Continued 
pH 5 
(Cl-) Buffer Oxidant (Ox) Sugar Density %Rx 105 k' 1 











ml. g. ml. g. g • 
51 5.00 6.2256 5.00 4.9889 
51 5.00 6.1821 5.00 4.9865 
51 5.00 6.2401 5.00 4.9708 
51 2.00 2.4796 2.00 1.9951 
51 5.00 6.1782 5.00 4.9805 
51 5.00 6.1807 5.00 4.9857 
54 5.00 6.3474 5.00 4.9657 
53 5.00 6.2907 5.00 4.9880 
56 5.00 6.1111 5.00 4.9722 























































Run # Purpose 
A-25 Order in Ox 
A-26 Order in Ox 
A-27 Order in Ox 
A-28 Order in Ox 
A-29 Order in sugar 
A-30 Order in sugar 
A-31 Buff cat 75%a 
(cl-) 
mole/1. 
A-32 Chloride eff .20 
A-33 Isotope eff 
Table 46 Continued 
Buffer Oxidant (Ox) 0 Sugar # Vol. Weight Vol. Weight meq.lg. Wt. 
m1. g. ml. g. g. 
pH 11 
111 5.oo· 5.6475 5.oo 4.9950 
111 5.00 5.6291 5.00 4.9886 
111 5.00 5.6425 5.00 4.9940 
111 2.00 2.2713 2.00 1.9892 
111 5.00 5.6392 5.00 5.0899 
111 5.00 5.6459 5.00 4.9914 
112 5.00 5.6907 5.00 4.9719 
113 5.00 5.5664 5.00 4.9930 

















































A-34 Order in Ox 101 5.00 5.6387 5.00 4.9687 .0254 1.0001 1.028 73 .19 






Kinetics of oxidation of D-glucose: Rate constants. 
Run # Sugar 104 k' '10 4 k 104 k 1 I 
mole/kg sec-1 (kg/mole) sec-1 (1./mole) sec- 1 
1 M HC104 
'G- 1 .4544 2.60 5.72 5.28 
G- 2 .4551 2.57 5.65 5.23 
G- 3 .4534 2.62 5.78 5.31 
G- 4 .0970 .53 5.46 4.85 
ro 5 .8409 5.22 6.21 5.59 \3-
G- 6 .4580 2.54 5.55 5.14 
G- 7 .4544 2.39 5.26 4.t>9 
G- 8 .4546 2.30 5.06 4.52 
G- 9 .4541 2.34 5.15 4.59 
G-10 .4555 2.28 5.01 4.51 
G-11 .4524 .95 2.10 1.93 
G-12 .4713 .95 2.02 1.86 
pH 1 
G-13 .4458 3.10 6.95 6.24 
G-14 .4444 3.07 6.91 o.21 
G-15 .4460 3.10 6.95 6.24 
G-16 .4447 3.26 7.33 6.59 
G-17 .4457 2.42 5.43 4.63 
G-18 .4445 2.63 5.92 5.31 
G-19 .4433 1.13 .?-.55 2.18 
G-20 .4540 1.41 3.11 2.73 
213 
Table 47 Continued 
pH 5 
Run# Sugar 10
4 ~· 104 k ¢ 104 k 11 ¢ mole/kg. sec; (kg./mole) sec:l (1./mole) sec:l 
G-21 .4548 2.55 4.60 4.30 
G-22 .4576 2.76 4.96 4.66 
G-23 .4572 3.24 5.83 5.47 
G-24 .4566 3.35 6.03 5.66 
G-25 .4572 3.55 6.38 5.99 
G-26 .4561 3.28 5.91 5. 54 
G-27 .0982 .96 5.49 5.22 
G-28 .2378 1.89 5. 54 5.21 
G-29 .8408 5.27 6.00 5.54 
G-30 .8458 5.52 6.26 5.78 
G-31 .4502 1.23 2.24 2.09 
G-32 .4532 2.14 3.88 3.63 
G-33 .4548 2.62 4.73 4.42 
G-34 .4552 2. 52 4.55 4.28 
G-35 .4594 3.26 5-71 5.34 
G-36 .4477 .87 1.59 1.48 
G-37 .4490 1. 58 2.88 2.69 
G-38 .4521 1.95 3.54 3.31 
G-39 .4532 2.44 4.42 4.13 
pH 11 
~ -1 (kg./mole)2 sec. (l./mo1e)~ sec:l 
G-40 .4782 18.62 56.42 53.43 
G-41 .4775 18.57 56.27 53.39 
G-42 .4780 18.30 55.45 52.61 
G-43 .1026 1.90 57.58 56.45 
G-44 .2492 6.35 51.21 49.57 
G-45 .6870 34.39 60.33 56.23 
G-46 .8799 54.40 65.94 60.27 
G-47 .4773 18.51 56.26 53.23 
G-48 .4814 17.86 53.63 51.32 
G-49 .4750 8.28 25.32 24.05 
pH 10 
G-50 .4797 12.98 38.98 37.02 
214 
Table 48 
Kinetics of oxidation of methyl-beta-D-g1ucopyraAoside: 
Rate constant. 
Run# Sugar 10
4 ~· 104 k 
sec:1 
104 k'' 
sec:1 mole/kg. sec; (kg./mole) (1./mole) 
1 M HC104 
B-1 .4013 .86 2.14 1.98 
B-2 .4028 .88 2.18 2.00 
B-3 .0888 .20 2.25 2.10 
B-4 .7443 1.71 2.30 2.10 
B-5 .4277 .86 2.01 1.91 B-6 .4000 • 50 1.25 1.16 
pH 1 
B-7 .3947 1.26 3.19 2.88 
B-8 .3943 1.00 2. 54 2.30 
B-9 .3942 .88 2.23 2.02 
B-10 .3939 1.08 2.74 2.48 
B-11 .3931 .85 2.16 1.95 
pH 5 (kg./mo1e)~ sec:1 (1./mo1e)~ sec:1 
B-12 .4036 1. 52 3.00 2.82 
B-13 .3933 1.23 2.48 2.31 
B-14 .4016 1.08 2.14 2.01 
B-15 .1059 .45 2.42 2.26 
B-16 • 7452 2.15 2.68 2.50 
B-17 .3984 .84 1.68 1. 57 
B-18 .4001 1.07 2.13 2.00 
B-19 .4059 1.15 2.26 2.14 
B-20 .4051 1.09 2.15 2.02 
pH 11 
sec71 (kg./mo1e) (l./mo1e) sec:1 
B-21 .4212 .29 .69 • 67 
B-22 .4224 .18 .43 .42 
B-23 .4235 .14 .33 .32 
B-24 .1112 .03 .27 .27 
B-25 • 7799 .43 .55 • 53 
B-26 .4204 .16 .38 .37 
B-27 .4252 .17 .40 .37 
B-28 .4208 .16 .38 .37 
pH 10 
B-29 .4234 .84a 1.98 1.93 
a. This reaction rate was obtained from the initial rate as-
suming first order in oxidant. The reaction is actually 
half order in oxidant. 
Table .(9 
























































a. Calculated from initial reaction rates. 1~ese values are 
used for comparison with other experiments which are 
pseudo first order in oxidant. 
b. Runs A-10, 11, 12 and 14 are zero order on oxidant and 


















































































a. Calculated from initial reaction rates. These values are 
used for comparison with other experiments which are 
pseudo first order in oxidant. 
Table 50A 
D-Glucose: Kinetic data in 1 M HCl04 
# G-1 # G-2 # G-3 # G-4 # G-5 # G-6 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. 
0 .0088 0 .0154 0 .0237 0 .0146 0 .0134 0 .0202 
173 .oo88 1608 .0102 343 .0220 334 .0143 222 .0122 215 .0194 
1757 .005? 2619 .oo8o 1203 .0174 1837 .0125 1538 .0059 1281 .0151 
3615 .0035 3575 .0061 2412 .0123 3668 .0119 2454 .0037 2353 .0113 
53?0 .0023 5460 .0038 3600 .0090 5425 .0110 3754 .0022 3679 .0080 
7175 .0014 7165 .0025 54o6 .0057 7115 .0099 4849 .0011 ?1+33 .0051 
8985 .0009 8984 .0015 7213 .0035 8909 .0091 599? .ooo6 7172 .0033 
10805 .0005 12445 .0076 9001 .0021 
16150 .0061 
20288 .0050 
# G-7 # G-8 # G-9 # G-10 # G-11 # G-12 
0 .0138 0 .0158 0 .0162 0 .0141 0 .0126 0 .0158 





D-Glucose: Kinetic data at pH 1. 
# G-13 # G-14 # G-15 
Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. 
0 .0174 0 .0231 0 .0387 
336 .0160 257 .0227 300 .0349 
1238 .0123 1040 .0164 1211 .0271 
2399 .0082 1917 .0124 2412 .0182 
3618 .0056 2703 .0099 3634 .0125 
4802 .0039 4510 .0057 4838 .0086 
6000 .0027 6300 .0034 5999 .0061 
9030 .0014 
# G-17 # G-18 # G-19 
0 .0200 0 .0160 0 .0229 
356 .0211 625 .0137 423 .0219 
1028 .0152 1230 .0117 1364 .0194 
1885 .0124 24o5 .oo88 2481 .0166 
2683 .0099 3583 .0057 3749 .0146 
4498 .0062 5386 .0039 5500 .0119 
6286 .0041 7208 .0023 8208 .oo86 

























D-Glucose: Kinetic data at pH 5. 
# G-21 # G-22 # G-23 # G-24 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. 
0 .0357 0 .0125 0 .0349 0 .0380 
405 .0325 460 .0109 293 .0311 415 .0328 
1190 .0269 1230 .0092 1285 .0238 1275 .0259 
2400 .0197 2415 .0066 2490 .0162 2120 .0198 
3595 .0141 3600 .oo48 3595 .0111 3015 .0148 
5400 .0082 5400 .0028 5443 .0059 4205 .0098 
7195 .oo48 5398 .0065 
8995 .0026 6668 .oo4o 
# G-27 # G-28 # G-29 # G-30 
0 .0393 0 .0370 0 .0280 0 .0376 
480 .0382 73 .0365 305 .0230 203 .0335 
1275 .0359 1214 .0288 628 .0203 913 .0238 
2420 .0319 2400 .0237 1204 .0154 1887 .0140 
3612 .0288 3604 .0190 1833 .0109 2920 .0076 































































Table 50C Continued. 
# G-34 # G-35 
Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. 
0 .0203 0 .0206 
367 .0187 245 .0190 
1015 .0162 869 .0160 
1911 .0132 1821 .0119 
3492 .oo86 3024 .0078 
5390 .0050 4365 .oo48 
# G-38 # G-39 
0 .0404 0 .0460 
312 .0378 375 .0411 
2409 .0253 1186 .0355 
4858 .0160 2388 .0258 
7214 .0099 3597 .0195 
















D-G1ucose: Kinetic data at pH 11. 
# G-40 # G-41 # G-42 # G-43 
Time (OX) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec • meq./g. 
0 • 0274 0 .0346 0 .0301 0 .0307 
58 .0249 87 .0298 63 .0267 68 .0305 
330 .0149 360 .0178 298 .0172 594 .0273 
612 .0092 621 .0111 625 .0096 1797 .0224 
911 .0052 895 .0065 917 .0057 2692 .0191 
1198 .0030 1204 .0036 1202 .0033 4500 .0137 
1532 .0013 15o4 .0019 6298 .0088 
# G-45 # G-46 # G-47 # G-48 
0 .0228 0 .0245 0 .0320 0 .0325 
64 .0213 71 .0169 90 .0278 76 .0272 
300 .0091 290 .0051 305 .0187 300 .0185 
450 .oo48 479 .0017 596 .0112 600 .0109 
600 .0030 600 .0009 890 .0063 905 .0066 






































Methyl-beta-D-glucopyranoside: Kinetic data in 1 M HClo4 • 
# B-1 # B-2 # B-3 # B-4 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. 
0 .0079 0 .0176 0 .0149 0 .0097 
324 .0078 324 .0180 528 .0149 380 .0091 
1773 .;0066 1873 .0149 1810 .0145 1860 .0071 
3643 .0057 3580 .0130 4125 .0135 3540 .oo54 
5993 .0046 6131 .0102 7500 .0130 7260 .0030 
7997 .0040 8001 .oo88 10076 .0122 9060 .0020 
9999 .0033 10001 .0074 12634 .0111 12600 .0011 
12880 .0027 12995 .0058 16002 .0109 
18005 .0016 17998 .0036 19997 .0101 
24978 .0009 25012 .0019 29975 .oo84 
l.t-0020 .ool.t-6 
# B-5 # B-6 
0 .0202 0 .0078 
300 .0199 545 .0079 
1785 .0174 3675 .oo66 
3600 .0146 7200 .0054 
5392 .0128 11290 .oo46 
7570 .0105 14960 .0038 
10003 .0085 18600 .0031 






Methyl-beta-D-glucopyranoside: Kinetic data at pH 1. 
# B-7 # B-8 # B-9 # B-10 # B-11 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. 
0 .0193 0 .0223 0 .0339 0 .0189 0 .0138 
300 .0183 780 .0203 718 .0319 720 .0177 325 .0136 
3600 .0124 2100 .0181 2040 .0288 3600 .0119 2890 .0105 
7260 .0079 4680 .0138 4680 .0221 7260 .0084 7275 .0074 
10800 .0053 10980 .0071 10950 .0129 10800 .0061 10932 .0054 
18000 .0021 15090 .oo45 15060 .0086 18000 .0027 14636 .0041 
25200 .0008 19200 .0033 
2184o .0024 





Methyl-beta-D-glucopyranoside: Kinetic data at pH 5. 
# B-12 # B-13 # B-14 # B-15 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. 
0 .0168 0 .0294 0 .0512 0 .0304 
600 .0155 334 .0282 690 .o485 323 .0302 
2700 .0114 2858 .0197 264o .0385 2860 .0263 
5494 .0075 5387 .0150 5400 .0278 5390 .0237 
8100 .0054 8474 .0105 9000 .0187 9000 .0202 
11884 .0034 11679 .0074 12600 .0132 14742 .0157 
15190 .oolt-4 16200 .0092 21596 .0116 
21595 .0024 
# B-17 # B-18 # B-19 # B-20 
0 .0266 0 .0292 0 .0272 0 .0239 
585 .0258 532 .0277 600 .0255 612 .0229 
3632 .0187 3579 .0197 2695 .0201 3606 .0172 
7204 .0142 7197 .0142 5443 .0146 7200 .0119 
10923 .0112 10860 .0094 8094 .0109 10957 .0083 
















Methyl-beta-D-glucopyranoside: Kinetic data at pH 11. 
# B-21 # B-22 # B-23 # B-24 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec • meq./g. 
0 .0209 0 • 0304 0 .0383 0 .0378 
1920 .02o4 1804 .0309 1980 .0378 1980 .0412 
16200 .0127 4288 .0284 14430 .0320 13200 .0382 
29880 .0090 14838 .0236 30840 .0250 37020 .0347 
45360 .0060 4344o .0141 43800 .0210 80520 .0309 
60720 .0036 61920 .0101 68400 .0150 131910 .0273 
81600 .0073 84180 .0121 180120 .0240 
87180 .0062 98820 .0101 278040 .0184 
# B-25 # B-26 # B-27 # B-28 
0 .0327 0 .0318 0 .0329 0 .0307 
2040 .0308 1980 .0347 1696 .0326 2220 .0297 
13260 .0178 16260 .0244 4200 .0303 14400 .0238 
26550 .0100 29940 .0195 14724 .0242 28950 .0199 
37080 .0066 45420 .0155 43320 .0149 43200 .0157 
47520 .0042 60720 .0123 61560 .0116 57600 .0124 
92280 .0071 81480 .0082 78480 .0079 



















Methyl-alpha-D-glucopyranoside: Kinetic data in 1 M HC104. 
# A.-1 # A-2 # A.-3 # A.-4 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. 
0 .0143 0 .0255 0 .0151 0 .0166 480 .0144 1200 .0249 840 .0148 600 .0163 244o .0137 5910 .0225 5580 .0137 5490 .0134 7020 .0124 13740 .0201 10740 .0138 10860 .0114 12180 .0111 24300 .0165 16290 .0128 16320 .0092 15960 .0108 34560 .0130 31680 .0119 24660 .0065 29820 .0083 46320 .0100 46860 .0101 31020 .0050 37230 .0068 74340 .0058 8124o .0063 39600 .0038 44760 .0055 87480 .Oo45 91860 .oo6o 52560 .0023 16~4~8 .0039 10494o .0032 103200 .0053 59820 .0019 .0018 11364o .oo46 
# A-5 # A-6 # A.-7 
0 .0181 0 .0168 0 .0097 480 .0179 690 .0171 360 .0097 
7440 .0154 5400 .0156 984o .0081 
15180 .0134 11040 .0136 19800 .0059 
23520 .0119 15960 .0129 29100 .0055 
30300 .0106 26580 .0102 39120 .oo44 







Methyl-alpha-D-glucopyranoside: Kinetic data at pH 1. 
# A-8 # A-9 # A-10 # A-ll 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec • meq./g. 
0 .0125 0 .0159 0 • 0241 0 .0378 
1020 .0122 720 .0157 570 .0237 1080 .0371 
7500 .0105 7560 .0132 1815 .0238 7560 .0344 
15660 .0089 14400 .0115 5420 .0218 15720 .0298 
26220 .0075 25200 .0087 9107 .0210 26280 .0264 
41820 .0053 36000 .0069 14500 .0194 41880 .0192 




# A-12 # A-13 # A-14 
0 .0277 0 .0160 0 .0252 
358 .0266 660 .0158 360 .0270 
1892 .0264 7500 .0135 6000 .0231 
5398 .0248 14400 .0112 12870 .0207 
8886 .0240 25200 .0093 21900 .0173 
14273 .0229 36000 .0073 36540 .0118 
21610 .0208 47940 .0057 51000 .0068 







Methyl-alpha-D-glucopyranoside: Kinetic data at pH 5. 
# A-15 # A-16 # A-17 # A-18 
Time (Ox) Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. sec. meq./g. 
0 .o245 0 .0258 0 .0429 0 .0277 
600 .0238 428 .0255 660 .0415 700 .0270 
5370 .0199 3630 .0225 5430 .0328 7200 .0195 
10800 .0158 7776 .0192 10830 .0255 144oO .0146 
18000 .0110 10907 .0170 18000 .0168 21720 .0090 





# A-20 # A-21 # A-22 # A-23 
0 .0207 0 .0238 0 .0254 0 .0264 
387 .0206 493 .0239 461 .0250 617 .0257 
3560 .0177 3549 .0220 3511 .0229 3617 .0231 
7711 .0143 7198 .0207 7200 .0212 8100 .0189 
10850 .0118 10835 .0195 10800 .0191 14397 .0139 
15345 .oo86 17958 .0173 17963 .0157 21605 .0092 
19756 .0062 24830 .0150 24795 .0125 28131 .oo54 
25204 .0038 30553 .0132 30558 .0101 
31041 .0018 35384 .0116 35401 .oo8o 









































Methyl-alpha-D-glucopyranoside: Kinetic data at pH 11. 
# A-26 # A-27 # A-28 
Time (Ox) Time (Ox) Time (Ox) 
sec. meq./g. sec. meq./g. sec. meq./g. 
0 .0278 0 .o443 0 .0353 
1000 .0288 1929 .0439 2190 .0342 
3774 .0265 144oO .0380 1lf400 .0278 
7295 .0252 30780 .0316 28860 .0232 
14885 .0222 43770 .0280 48090 .0174 
21600 .0201 684oo .0215 65880 .0135 
3264o .0172 84120 .0164 
61260 .0108 98760 .0129 
79560 .0076 
9§420 .0051 10 600 .0035 
# A-31 # A-32 # A-33 
0 .0315 0 .0285 0 .0298 
1920 .0310 3618 .0284 2130 .0287 
16140 .0242 7222 .0264 14400 .0241 
29880 .0195 14711 .0231 28800 .0197 
45360 .0156 21480 .0208 48o4o .0147 60660 .0127 32460 .0179 65820 .0112 
92160 .0081 61080 .0121 














































- Thermodynamic ~quilibrium 
of Cl2 in mole 1;2 • 
constant for hydrolysis 
- Concentration equi~ibrium 
of c12 in mole2 1; • 
constant for hydrolysis 
- Thermodynamic equilibrium constant for dissociation 
of HOCl in mole 1; • 
- Thermodynamic equilibrium constant for the formation 
of Cl) in 1. mole-1 • 
- Thermodynamic dissociation constant of trichloride 
ion in mole 1:1 • 
- Fraction of total oxidant present as HOCl. 
- Fraction of total oxidant present as c12 • 
- Rate constant pseudo-zero order in sugar, in mole/kg. 
and sec. 
- Rate constant in mole/kg. and sec. 
- Rate constant in mole/1. and sec. 
- Catalytic constant for the oxidant. 
- Uncatalyzed rate constant. 
- Rate constant for the oxidant. 
- Rate constant of common sugar. 
- Rate constant of deuteriated sugar. 
- Initial oxidant concentration expressed in 
milliequivalents/gram. 
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ABSTRACT 
The kinetic isotope effect on oxidation of D-glucose-1-d and 
methyl-alpha aDd beta.-D .. glucopyra.noside-1-d by aqueous chlorine was 
investigated. in l M HC104 and at IH 1 1 5 aDd 11. 
D-Glucose-1-d was synthesized by reducing D-gluconio-delta-lactone 
with sodium borodeuteride (1). The latter was made by the methoa of 
Schlesinger et al. (2). Methyl-D-glucopyranosides-1-d were prepared 
by direct methylation (3). Analysis by mass spectrograph indlcated 98 + 
atom percent deuterium. Deuterium was snown to be at c-1 by hydrolysis 
of methyl-D-glucopyranosid ... l-d aDd oxidation (4) of D-glucose-1-d to 
deuterium-free potassium D-gluconate. 
Rate measurements were carried out with a large excess of su~ar 
(pseudo-zero order in sugar). The reaction rate at 250 was followed 
iodometrically (5), with a hypodermic syri~e as reaction vessel. The 
ionic stre:ngth (two in the acidic reiiion and one in the alkaline region) 
was maintained constant with sodium perchlorate. The buffer solutions were: 
.296 M phosphoric acid and .300 M N&HeP04 for PH l; .800 M NaH2 P04 and 
a!ld 
.200M NsgHP04 for pH 5;¥.100 M N.S~HP04 and .100M sodium hydroxide for 
pH ll. At pH 1 and 5 the solutions were also buffered with chloride, to 
(l) M;o Urquiza aDd N.N. Lichtin, TAPPI, 44, 221 {l9bl). 
(2) H.I. Schlesinger, E•:O • .Brown aDd A.E:-Finholt, J. Am. Chem. Soc., 
].2, 205 (1953). . 
(3) A.L. Raymond and E.F. Schroeder, ibid, lJl., 2785 (1948). 
(4) s. Moore and K.P. Link, J • .Biol. Chem., !Jl, 293 (1940). 
(5) I.M. Kolthoff and E.B. Sandell, "Textbook of (,{,llalltitative Inorganic 
Analysis: The Macmillan Co., N.-Y., 1948, pp. 617-623. 
assure a constant ratio (Cla)/(HOCl). 
It was established polarimetrical~ that the sugars are stable in 
the acid solutions, but not at pH 11 (6). The latter instability did not 
affect the kinetics. Prior work had determined that there is no exChange 
of deuterium between the solutions and the deuteriated su~rs (7). 
Decomposition of chlorine water was negligible during the kinetic 
experiments. Oxidations in l M HCl04 show that trichloride ion is less 
reactive than molecular chlorine. There is general base catalysis for the 
three s~rs in the acidic region. This catalysis is more effective for 
~glucose. The kinetic results are summarized. in Tables l, 2 and 3. 
The highest isotope effect obtained in this research is assumed to 
correspond to lOO percent attack at c-1. Comparison of this result with 
that of swain et al. (8), indicates a hydride transfer from carbon. Lower 
values of ~~~ are interpreted as due to attack of oxidant a.t other points 
in the molecule. Although this explaiJation has not been proved and others 
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!able 1 
summary of kinetics for aqueous chlorine 
· oxidation of sugars. 
D-Glucose Me-/ -:o-ttucos1de Me- ...<-:o-glucoside 
lii ord.er in Isotope Order 1n Isotope Order 1n Isotope 
ox sugar effect8 ox sugar effect8 Ox sugar effect8 
R X R X R X 
1M 
HC104 1 1 2.78 1 1 1 
I 1.73 .41 1 • 75. .95 0 ' 
ld 
1 1 2.18 .66 lc 1.58 .33 Obd 1.05 0 
.'+1 
5 lb .8 1.41 .23 lc .8 1.27 .15. ·5b .32 1.00 0 
·- ·5.~ 
11 1 1.5 2.21 .68 lc 1 1.24 .14 lc 1.36 1.05 0 
., 
a. R represents kit/len• The fraction of attack (x) at c-1 waa calculated 
considering kH7tn = 2.78 as 1, i.e. for glucose at pH 1: 
2.18 ... 1 
X = 2. 78 • 1 
b. Rate increases when (Ox) 0 increases. (Ox) 0 represents the initial 
total oxidant concentration. 
c. Rate decreases when (Ox) 0 increases. 
d. First order at (Ox) 0 = .0125 and .0159 meqfg. 
zero order at (Ox) 0 = .0241 and .0378 meqfg. 
Table 2 
Rate constants for aqueous chlorine oxidation 
of sugars!-
D-Glucose - M~"'-:o-glucoside Me-~-D-glucoside 
pH 104 i' le>4 k 10 lf' 104 k lo4_i' 
sec- 1. mole-1 sec· 1. mo!f1 sec 
sec-1 sec 
1M 
HCl04 2.6 5.3 .86 2.0 .20 
1 3.1 6.3 1.3 2.5 .23 
5 2.6 4.3b 1.5. 2.5.b .o4d, .4oe 
ll 18.6 53 c I .20 .6o .20 I 
a. These are avera~e values. k 1 represents a rate constant pseudo-zero 
order in sugar. The sugar concentration was .5_0, .46 and .44 mole/liter 
24-<S 
for D-,;lur,ose, met¥{1-t< -D-glucoside and methyl- f-D-glucoside respectively. 
b. In liter3t mole .. 3 / sec- 1 • "' 
c. In litef3 3 mole-3 3 sec-~. 
d. In mole 12 11 ter-1/2 sec-.L. 
e. Calculated from initial reaction rates in sec·1• 
-pH 
!'able 3 




D-Glucose M&-~•D-glucoside Me-;( •D-glucoside 











~la 2.0 1.03 .o6lb 
ox lrH;Po~ 3-9 .88 .42 b 
kOOX • 75. .72 .13 b 
~= 12.6 3.7 1.7 b ~X lo- 360000 - 220000 2caooo 
kf>x .1o .12 
~X o- 80000 - 37-5. 
k c 6900 .88 
- .12 
These are catalytic constants x 104 , pseudo-zero order in sugar, 
except those of glucose at lfi 11. ~ and k8x refer to the UJlooo 
catalyzed rate constants du! to0~1o~ne and total o:odant resp0ct-ively, their units are sec- • k a-. k~xpo-, k~o:, kcfo- and kl!~-
a 4 4_ 
are the catalytic constants due to Cl-, H3 PQi, HP04, Clo- and Ho-, 
their units areJiter mole-1 sec-1 , except k8f0- for methyl-j)2n-glucoside and k_H0- for glucose, the units of which are liter 
mole-112 sec-1 and 11 ter2 mole-2 sec·1 respectively. The sugar 
concentration was .50, .46 and .44 mole/liter for D-glucose, methyl-
c.<' -D-glucoside and methyl- 8"-D-glucoside respectively. 
These values are expressed in terms of initial apparent first order 
specific rates. 
Catalytic constants for: 
glucose due to glucose anion in liter2 molei2 sei-1. 
methyl-F•D-glucoside due to HPO,: in 11 ter mole-1 sec-1. methyl-;( .. l)..glucoside due to cr in liter mole- sec-1 • 
D-Gluconic acid (10) arises f'rCill direct attack at c-1 on the 
methyl-beta-D-glucopyranoside aDd not from hydrolysis and then oxida-
tion, because these glucosides do not hydrolyze under the conditions of 
the experiment. The fact that methyl-alpha-D-glucopyranoaide also gives 
])-gluconic acid (11), but no isotope effect is found, sus~ests that the 
initial attack of' oxidant is in the aglycone group, givi~ a labile 
intermediate which is subsequently hydrolyzed. 
Mechanistic speculations are discussed. 
(10) o. Theander, Svensk Papperstidn, ..§!. 581 (1958); C.A., 2t,. 2736 
(1960). 
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